I. Introduction
Thousands of years ago, opium poppy derivatives were used for a myriad of medical, social, and religious purposes, the relief of pain being reported in texts by Homer (The Iliad and The Odyssey) and Virgil (The Aeneid) as early as 850 BCE. Opioid medications continue to be prescribed for the treatment of acute and chronic pain today, although significant formulation advances and refinement of the physicochemical properties have provided some pharmacokinetic and pharmacodynamic enhancement. Despite their continual clinical use over several millennia, and intense scientific research in the past century, the importance of certain pharmacological actions of opioids has not yet been fully appreciated, including their action on immune signaling within the central nervous system, such as that derived from nonneuronal cells, such as glia. These non-neuronal actions of opioids have been investigated at the preclinical level, in parallel to their neuronal actions, over the past 4 decades, since the identification of endogenous opioid peptides and opioid receptors. Unfortunately, the advance in our understanding of opioid-induced central immune signaling has not yet been capitalized upon and amalgamated with the progress made in the opioid neuroscience and opioid pharmacology fields. For example, no controlled clinical studies have yet been conducted to determine the impact of central immune signaling on B HUTCHINSON ET AL. human opioid actions in healthy control and/or patient populations. As has been pointed out in the past, it is interesting to ponder what might have occurred if the opioid systems were originally identified by immunologists rather than pharmacologists (Heijnen et al., 1991; Peterson et al., 1998) and what implications this might have had for the refinement and development of opioid analgesics in the clinical management of pain.
Communication within the central nervous system (CNS 1 ) by both neuronal and non-neuronal immunecompetent cells, such as glia, contributes to homeostatic and pathological states within the CNS. This "central immune signaling" profoundly affects all types of cells within the CNS, contributing to altered behavioral responses. This happens via the release of factors such as cytokines and chemokines, as well as indirectly via the modification of the extracellular milieu of neuroexcitatory factors (e.g., via inhibition of glial glutamate transporters). It is apparent that central immune signaling induced by endogenous opioid peptides plays a critical role in the development and maintenance of the healthy CNS, modulating both neuronal and non-neuronal systems. At the same time, it is clear from preclinical studies that exogenous clinically prescribed opioids induce central immune signaling events that limit the beneficial and indicated actions of opioids. Of specific focus to this review are the effects of central immune signaling on opioid analgesia. To this end, core principles and critical concepts of opioid-induced central immune signaling are introduced, including an overview of key cell types (such as astrocytes and microglia) and mediators of central immune signaling (such as cytokines and chemokines) and a discussion of how they modify neuronal function leading to altered opioid analgesia. A review of 4 decades of preclinical research on opioid-induced central immune signaling is included to allow a unifying hypothesis of opioid analgesia, incorporating both central immune signaling and neuronal components. Particular attention is paid to the triggering events of opioid-induced central immune signaling, be-cause it is becoming apparent that the role of classic neuronal opioid receptors expressed by either neuronal or non-neuronal cells cannot account for all central immune signaling events that occur after opioid exposure. Comparisons are drawn between opioid actions mediated through classic pathways versus through immune signaling pathways that participate in attenuating opioid analgesic efficacy. The aim of this review is to provide a better understanding of opioid actions within the CNS, by combining our current neuroscience, immunology, and pharmacology knowledge of opioid actions, hopefully enhancing our appreciation of the full complement of opioid actions within the CNS, the neuroimmunopharmacology of opioids. This integration of preclinical data may lead to improved pain relief and enhanced treatment options for sufferers of acute and chronic pain. The present review extends what has been addressed in prior reviews of opioids (e.g., Ossipov et al., 2004 Ossipov et al., , 2005 and glia (e.g., DeLeo et al., 2004; Watkins et al., , 2007a by integrating prior knowledge of opioid actions together with current and rapidly expanding knowledge of opioid effects on glia. Sections III and IV of this review provide the first in-depth analysis of these issues in the context of glial dysregulation of opioid actions and the newly described mechanisms by which this occurs.
II. Central Immune Signaling
A. What Do Immunocompetent Cells Contribute to Central Immune Signaling? 1. Astrocytes. Several cell types in the CNS are capable of immune signaling (that is, communication via classic immune molecules or peptides), the most abundant of these being astrocytes. Glia were thought of originally as merely structural supports, providing the "glue" that holds the nervous system in place. Evidence generated in the past few decades has demonstrated that this is not the case. Astrocytes are derived from neuronal stem cells and are immunohistochemically identified by labeling for glial fibrillary acidic protein (GFAP), populate all regions of the CNS, and serve numerous functions. These include key structural roles, such as forming the blood-brain barrier; participation in the tripartite synapse (Araque et al., 1999) [also known as the neuronal threesome (Smith, 2010) ]; metabolic support of neuronal systems; supplying nutrients and neurotransmitter precursors, as well as regulation of cerebral blood flow (Attwell et al., 2010) ; maintenance of the extracellular environment, including uptake and release of neurotransmitters (Araque and Navarrete, 2010) ; regulation of ion concentrations; and detection of instances in which neuronal systems require repair (Araque and Navarrete, 2010; Smith, 2010) . Each astrocyte can have as many as 30,000 connections with adjacent cells (Smith, 2010) , providing immense modulatory 1 Abbreviations: Akt, protein kinase B; AMPA, ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; CCL, chemokine (C-C motif) ligand; CCR, chemokine (C-C motif) ligand receptor; CD11b, complement receptor 3; CGRP, calcitonin gene-related peptide; CNS, central nervous system; DRG, dorsal root ganglion; ERK, extracellular signal-regulated kinase; GFAP, glial fibrillary acidic protein; GLAST, glutamate/aspartate transporter; GLT-1, glutamate transporter-1; H-290/51, cis-7-methyl-9-methoxy-5,5a,6,10b-tetrahydroindeno[2,1-b] indole; IL, interleukin; IL-1ra, interleukin-1 receptor antagonist; IP 3 , inositol trisphosphate; JNK, c-Jun N-terminal kinase; LPS, lipopolysaccharide; MAPK, mitogen-activated protein kinase; MD-2, myeloid differentiation factor 2; MEK, mitogen activated protein kinase kinase; MK801, dizocilpine maleate; MyD88, myeloid differentiation primary response gene 88; NF-B, nuclear factor -light-chain-enhancer of activated B cell; NLR, nucleotide-binding domain leucine-rich repeat-containing receptor; NMDA, N-methyl-D-aspartate; TLR, Toll-like receptor; TNF, Tumor necrosis factor; U50488, 2-(3,4-dichlorophenyl)-N-methyl-N-[(1R,2R)-2-pyrrolidin-1ylcyclohexyl]acetamide. NEUROIMMUNOPHARMACOLOGIC IMPLICATIONS FOR OPIOID ANALGESIA C and integrating capability. In these ways, astrocytes play a critical role in neuronal function.
In addition, astrocytes play a role in maintaining glutamate homeostasis, which is of central importance to CNS activity, and to opioid pharmacodynamics. Glutamate is critical for normal CNS function but can also act as a two-edged sword, because excessive extracellular glutamate leads to an influx of calcium ions into neurons, resulting in uncontrolled neuronal signaling and neurotoxicity. Therefore, extracellular glutamate is finely controlled, not only by its natural degradative half-life but also by being actively transported out of the synapse. Two main glutamate transporters involved in this process are EAAT1 (rat homolog glutamate/aspartate transporter; GLAST) and EAAT2 (rat homolog glutamate transporter-1; GLT-1), both of which are primarily expressed by astrocytes (as well as microglia, to a more limited degree), GLT-1 accounting for as much as 1% of the total membrane proteins (Danbolt et al., 1990) . As discussed in section III.C.5, changes in astrocyte homeostasis have profound effects on glutamate transporter expression and function, as well as active glutamate release, leading to a rapid dysregulation of glutamate homeostasis with profound acute and chronic signaling and neurotoxic implications for the surrounding neuronal systems. Therefore, although not traditionally an immune signal, glutamate can be thought of as contributing to the collection of central immune signals derived from CNS immunocompetent cells such as astrocytes.
Astrocytes also play key immunological roles within the CNS. Upon activation, astrocytes are capable of expressing the full array of immune signaling and detection systems, such as cytokines and chemokines (Ben Achour and Pascual, 2010) . However, the manner in which this pattern of expression changes from basal homeostasis to a fully reactive state remains to be fully described. Moreover, astrocytes display significant regional and temporal phenotypic heterogeneity, adding to the complexity of their functions (Zhang and Barres, 2010) . Astrocyte immune signaling can critically affect all neighboring cell types, influencing the diverse astrocyte functions noted above. Therefore, any change in local or general central immune signaling can have a profound impact on astrocyte function (Smith, 2010) . Furthermore, if such adaptations were to occur in critical pain and/or opioid analgesia centers, substantial alterations in pain processing would occur.
2. Microglia. Believed to be the most reactive and mobile cells of the CNS, microglia are the specialized phagocytic representatives of the CNS, playing a role similar to that of peripheral macrophages (Graeber and Streit, 2010) . Microglia are less numerous than astrocytes and account for approximately 15% of the total cells of the CNS. Like their peripheral macrophage counterparts, microglia are able to respond to damage or insults and present antigens. Adult microglial cells orig-inate from primitive myeloid precursors and are an ontogenically distinct population in the mononuclear phagocyte system (Ginhoux et al., 2010) . This discovery of a lineage of microglia distinct from other hematopoietic progenitor cells may prove critical for future development of microglia-based specific pharmacotherapies, suggesting the possibility of cell-type-specific factors that could be targeted.
Microglia have recently been added to the original tripartite synapse/neuronal threesome concept, so as to form a functional tetrapartite synaptic unit along with astrocytes and the pre-and postsynaptic terminals. Such a construct was recently proposed to account for microglial contributions to neuroplasticity and central sensitization (De Leo et al., 2006) , which are likely to be important to opioid pharmacodynamics. Microglia are found in all regions of the brain and spinal cord, and like astrocytes, they display remarkable regional and temporal phenotypic heterogeneity. In contrast to their characterization as a "quiescent" phenotype, it is now known that microglia constantly survey the extracellular space (Nimmerjahn et al., 2005) and synaptic cleft (Wake et al., 2009) and to modulate this surveillance activity in response to insults.
Given their shared roles with peripheral macrophages, microglia possess many of the same immune signaling and response systems. Critical to their surveillance role, microglia express key innate immune receptors and accompanying response pathways, such as the innate immune pattern-recognition Toll-like receptors (TLR) that facilitate early response to insult and damage. Furthermore, and crucial to this review, are the evolving endogenous danger signal (e.g., heat shock proteins), the xenobiotic (e.g., opioids) sensing capacity of these innate immune receptors, and the reactive phenotype that microglia assume upon activation of these systems (Buchanan et al., 2010) .
It is now clear that a single microglial cell can exist in a continuum of reactive phenotype states influenced by changes in the microenvironment. Certain immunohistochemical markers have been used both to identify microglia and to infer a reactive phenotype (based on upregulation of such markers), including phospho-p38 (Svensson et al., 2005b) , ionized calcium binding adaptor molecule 1 (Iba1), CD11b (complement receptor 3, identified using the OX42 antibody clone in rats), and major histocompatibility complex II (Graeber, 2010) . As discussed in sections III.C.2-4, opioid exposure is capable of producing such microglia-reactive phenotypes.
It is noteworthy that once the original insult has resolved, microglia do not always return to their basal ramified phenotype; rather, they stay in a "primed" state, exhibiting elevated expression of antigen-presenting receptors (Perry et al., 1985) and apparently maintaining intracellular systems capable of faster and greater responses upon reactivation (Rönnbä ck and Hansson, 1988) . Moreover, like astrocytes, primed mi-D croglia display heterologous sensitization of detection and response systems, which leads to cross-sensitization that affects multiple microglial functions (Frank et al., 2007) . Consequently, these primed microglia are well positioned to play a critical role in chronic pathological conditions and in situations in which repeated exposure to challenges occurs, thus contributing significantly to central immune signaling. As reviewed in section III.C, in the context of opioid treatment, repeated dosing regimens could be viewed as repeated challenges, thereby highlighting the importance of primed microglia to opioid pharmacodynamics.
3. Oligodendrocytes. Like other glial cells, oligodendrocytes provide a key support and maintenance role for neurons, acting as the insulators of the CNS, ensheathing up to 50 axons per cell with myelin. Although less well characterized than microglia and astrocytes, oligodendrocytes are also capable of initiating some forms of immune-like signaling (Ramos et al., 2007) . They are also very sensitive recipients of immune signaling, because this results in profound demyelination of neuronal axons and profound deficits in neuronal function (Piaton et al., 2010) . Therefore, oligodendrocytes are a potential source of, and contributor to, central immune signaling.
4. Blood-Brain Barrier Endothelial Cells. The bloodbrain barrier forms an important boundary between the sensitive microenvironment of the CNS and the relatively volatile environment of the systemic circulation. Key to this barrier are endothelial cells of the CNS blood vessels forming tight junctions, facilitating exclusion of constituents of the systemic circulation from entry into the CNS. It is noteworthy that only recently has it been hypothesized that endothelial cells of the blood-brain barrier might contribute to immune signaling within the CNS (Quan et al., 2003; Simka, 2009) . After a tissue insult and the ensuing release of peripheral or central immune signals, the tight junctions become leaky, exposing the CNS to peripheral immune signals (Stamatovic et al., 2003; Song and Pachter, 2004; Bennett et al., 2010) . Although long thought to occur only as a result of insults to the CNS, it has recently been demonstrated that disruption of the blood-spinal cord barrier also occurs after peripheral nerve injuries (Gordh et al., 2006; Beggs et al., 2010) . Consequently, blood-brain barrier endothelial cells remain a significant yet largely uncharacterized source of central immune signaling and contributor to altered neuronal function.
5. Peripheral Immune Cells of the Central Nervous System. The CNS is no longer considered an entirely peripheral immune-privileged organ (Hickey, 1999) , and peripheral immune cell infiltration has been implicated in many diseases . This increased CNS accessibility is due largely to modifications of blood-brain barrier endothelial permeability by the induction of endothelial expression of receptors and tethering proteins, which facilitate immune cell transendothelial migration (Muller, 2009 ). Once in the CNS, infiltrating immune cells are able to interact with central immune signaling events, facilitating and supporting their propagation and differentiation of the immune response and eventual modification of neuronal actions.
6. Neurons. Traditionally thought of as responding to "merely" neuronally derived neurotransmitters, it is now clear that neurons express a myriad of classic immune signaling receptors and ligands that can be upregulated under certain conditions (Adler and Rogers, 2005) . Although the consequences of neuronal immune signaling is less clear, it is apparent that neuronal immune signaling events possess the capacity to act, either directly or indirectly, via actions on nearby glia to consequently modify neuronal physiology and behavior. Neurons are known to express a variety of chemokines (e.g., monocyte chemoattractant protein-1/CCL-2, fractalkine/CX3CL1) that, upon release, activate glia (Dansereau et al., 2008; Milligan et al., 2008; Abbadie et al., 2009; Clark et al., 2009; Thacker et al., 2009; Staniland et al., 2010) . Release of these chemokines from neurons in the pain pathway, for example, has been causally linked to the proinflammatory activation of spinal cord glia and release of proinflammatory cytokines leading to pain amplification (Milligan et al., 2008; White and Wilson, 2008) . Recent discoveries have also uncovered the possibility of direct pathogen-to-neuron signaling, owing to neuronal TLR expression under some conditions (Wadachi and Hargreaves, 2006; Li et al., 2009 ). The behavioral consequences of such neuronal innate immune signaling are tantalizing, especially given the topics of opioid-induced TLR signaling to be reviewed in section III.B.3, but remain largely uninvestigated.
Although neurons can release classic immune molecules, they can also be the target of such glial-derived immune signals. For example, the following neuronal changes have been reported in response to proinflammatory cytokines: up-regulation of cell surface expression of calcium-permeable ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors (Ogoshi et al., 2005) ; up-regulation of cell surface expression of N-methyl-Daspartic acid (NMDA) receptors (Stellwagen et al., 2005) ; expression of phosphorylated NMDA receptors that exhibit increased calcium conductance (Viviani et al., 2003) ; downregulation of GABA (Stellwagen et al., 2005) ; an increase in presynaptic release of neurotransmitters (Morioka et al., 2002) ; and down-regulation of G protein-coupled receptor kinase 1 (Kleibeuker et al., 2007) , which when expressed at basal levels constrains neuronal excitability. Taken together, such changes in neuronal excitability and synaptic strength can clearly amplify neuronal reactivity to incoming signals.
B. What Are the Key Soluble Released Factors in Central Immune Signaling?
1. Cytokines. Cytokines are, in general, soluble lowmolecular-weight polypeptide signaling molecules/hormones (proteins or glycoproteins) that bind to specific NEUROIMMUNOPHARMACOLOGIC IMPLICATIONS FOR OPIOID ANALGESIA E receptors on the surface of target cells, which are coupled to intracellular signaling and second messenger pathways. Cytokines have been grouped into families based on homology of the amino acid sequence, chromosomal location, and in some cases functional homology (Borish and Steinke, 2003) . Cytokine receptors exhibit high affinity, dissociation constants ranging from 10 Ϫ10 to 10 Ϫ12 M. Because of this high affinity, very low concentrations of cytokines can cause a biological effect, often at levels undetectable by current quantification techniques. Within the CNS, cytokines can bidirectionally communicate with each of the cell populations outlined above, performing critical roles in homeostasis, physiological responses to stress and immunological challenges, and pathological conditions. These actions occur via specific cytokine receptors and via direct cytokine modulation of other receptor functions, such as NMDA receptor cell surface expression and phosphorylation (Viviani et al., 2003; Zhang et al., 2008) . As outlined in this review, cytokines are a critical component of opioid-induced central immune signaling with profound behavioral significance.
2. Chemokines. Chemokines make up a large family of small proteins, initially characterized as chemotactic cytokines, that control the trafficking of cells expressing chemokine receptors and are now known to be involved in cellular migration and intercellular communication. Chemokine receptors are members of the G proteincoupled receptor superfamily. Chemokine distribution in the CNS, like that of neurotransmitters, is heterogeneous, theoretically allowing them to perform specific functions within specific circuitries of the CNS (Adler and Rogers, 2005) . This potential for specific action is exemplified by the fact that chemokines are capable of bidirectional communication with neuronal cells and non-neuronal cells alike. A clear role for chemokines has been established in modulation of pain and opioid responses as discussed below.
3. Innate Immune Pattern Recognition Systems and Endogenous Danger Signals. In recent years, the participation of pattern recognition receptors in normal and pathological CNS functioning has gained increasing attention (Buchanan et al., 2010) . These receptors are expressed by the innate immune system cells of the CNS, including endothelial cells, microglia, and some astrocytes, but rarely by adult neurons under nonpathological conditions (Rivest, 2009; Buchanan et al., 2010; Chen and Nuñ ez, 2010) . However, in some cases, functional neuronal TLR expression has been reported (Wadachi and Hargreaves, 2006; Li et al., 2009) , although the behavioral role of such expression is yet to be clarified. Unlike traditional receptors for neurotransmitters, which display ligand selectivity and specificity, pattern recognition receptors have explicitly evolved to recognize multiple diverse conserved pathogen-associated molecular patterns that are associated with microbial pathogens or cellular stress. This multiligand recogni-tion ability is derived from their common leucine-rich repeat containing trait (Kim et al., 2007b; Kumar et al., 2009; McGreal, 2009 ).
Of particular importance to the CNS is the TLR family, a collection of ϳ12 single-transmembrane receptors, some found on cell surface, others inside the cell. Of these receptors, several have been extensively characterized, especially TLR4, the receptor that recognizes endotoxin [lipopolysaccharide (LPS)] and can generate sepsis (Hoshino et al., 1999) . TLR4 is also activated in response to endogenous danger signals ("alarmins"), such as heat shock proteins and cell membrane components released from stressed/damaged cells (Buchanan et al., 2010) . Binding of agonist ligands to TLR4 and its accessory molecules such as MD-2 and CD14 activates downstream intracellular signaling pathways similar to those activated by interleukin-1␤ (IL-1␤) binding to its cognate receptor, resulting in a powerful proinflammatory signal (O'Neill, 2008) . Indeed, the striking similarity of these pathways is reflected by the term Toll/IL-1 receptor signaling cascade (Muzio and Mantovani, 2001) . A few other TLRs have also been reported to play pivotal roles in pathological CNS conditions, such as TLR2 (Mallard et al., 2009; Hong et al., 2010) and TLR3 (Obata et al., 2008) . Both TLR2 and TLR4 signal through two adaptor proteins, myeloid differentiation primary response gene 88 (MyD88) and Toll/IL-1 receptor domain-containing adapter-inducing interferon-␤ (TRIF) (Iwasaki and Medzhitov, 2004) , inducing phosphorylation of mitogen-activated protein kinases (MAPK), such as extracellular signal-regulated kinases (ERK), c-Jun N-terminal kinases (JNK), and p38. Parallel activation of inositol trisphosphate (IP 3 )/Akt signaling together with the previously outlined kinase activation culminates in proinflammatory transcription and eventual translational formation of cytokines such as IL-1␤ in its immature form (Buchanan et al., 2010 ) (see Fig. 1 for summary).
Recent preclinical findings have demonstrated that small-molecule xenobiotics (molecules with a molecular mass of less than ϳ800 kDa that are not found endogenously within the organism) are also capable of activating TLR signaling, one class of these xenobiotics being opioids. Early evidence suggests that opioid-induced TLR-dependent central immune signaling significantly modifies opioid analgesic efficacy. Therefore, TLRs may play a pivotal sensing role for the innate immune system within the CNS by detecting the presence of drugs, such as opioids, and translating their presence into a central immune signal.
Among the other pattern-recognition receptors, of which there are several types, the nucleotide-binding domain leucine-rich repeat-containing receptors (NLRs) are also key players in immune signaling. These cytoplasmic proteins serve a variety of functions in the regulation of inflammatory and apoptotic responses. Of particular note (of the more than 20 NLRs) is NLRP3, which F recognizes a diverse range of molecular patterns, ranging from endogenous compounds (such as ATP) or microbial molecules (such as bacterial DNA) to patterns associated with stress responses (such as toxins or uric acid crystals). Upon activation of NLRP3 in the cytosol, a complex assembly process is initiated, clustering the large caspase-1-activating complex called inflammasome (Bauernfeind et al., 2011) . The formation of an active inflammasome is critical for the maturation of TLR signaling products because it leads to the cleavage of immature cytokines such as the conversion of IL-1␤ and IL-18 to their mature forms. Activation of NLRs is a key step in initiating several forms of central immune signaling. Signaling on Pain? 1. Proinflammatory Central Immune Signaling Leads to Hyperalgesia and Allodynia. Disease or trauma af-fecting the peripheral or central neuronal sensory pathways can produce a form of chronic pain known as neuropathic pain. This may occur with CNS disorders, such as stroke and multiple sclerosis, or with conditions associated with peripheral nerve damage, such as diabetic neuropathy or herpes zoster infections (shingles). It can also be induced by mechanical trauma or by neurotoxic chemicals (including drugs such as chemotherapeutics) (Goucke, 2003) . It is a debilitating disease causing immeasurable suffering and reduced quality of life.
C. What Is the Impact of the Central Immune
The pathophysiological mechanisms underlying the generation and maintenance of this kind of pain are intensely investigated and progressively better understood. Knowledge of the neuronal underpinnings of neuropathic pain has been complemented in the last 2 decades by heightened appreciation of the role played by central immune signaling originating from glia (and possibly resident and recruited immune cells) and communicated via proinflammatory cytokines and chemokines FIG. 1. TLR4 signaling cascade and evidence for modulation by neuropathic pain and opioids. TLR4 signaling occurs via a cascade of events. The classic TLR4 ligand is Gram-negative bacterial LPS (hexagon), which is transported to the cell via LPS-binding protein and transfers LPS to CD14 on the cell membrane. This leads to intracellular activation of acid sphingomyelinase, which generates ceramide. Ceramide induces the generation of a lipid raft containing the coreceptor MD2, TLR4, and the 70-and 90-kDa heat shock proteins (HSP), among other elements. Ceramide also activates NADPH oxidase, which leads to peroxynitrite formation. CD14 transfers LPS to MD2, leading to both MD2-TLR4 heterodimerization and then homodimerization of MD2-TLR4 pairs. Recent evidence also suggests that opioids, such as morphine, can interact with MD2, causing a similar activation of a functional TLR4 signaling unit. Ensuing intracellular signaling occurs through toll-interleukin 1 receptor domain containing adaptor protein (TIRAP) to at least three parallel pathways: cell motility and cell survival/apoptosis occur through the phosphatidylinositol 3-kinase (PI3K)/Akt pathway, and proinflammatory products such as cytokines result from activation of the NF-B and MAPK pathways. The gray boxes provide summaries of the converging evidence that neuropathic pain and opioids interact with the TLR4 signaling cascade. IRAK, IL-1-receptorassociated kinase; UEV1A, ubiquitin-conjugating enzyme E2 variant 1A; RIP2, receptor-interacting protein 2; TAK1, transforming growth factor-␤activated kinase-1; TAB3, transforming growth factor-␤-activated kinase 1/MAP3K7 binding protein 3; MKK, MAP kinase kinase; IKK, IB kinase complex; IB␣, inhibitor of nuclear factor-B ␣; NEMO, NF-B essential modifier. (Milligan and Watkins, 2009 ). This role is corroborated by selective blockade of glial transformation into their reactive phenotypes, using either fluorocitrate, which disrupts the Krebs cycle of glia by inhibiting the gliaspecific enzyme aconitase (Hassel et al., 1992; Berg-Johnsen et al., 1993) , or minocycline, which disrupts the activation of microglia and is generally considered to be devoid of direct effect on neurons or astrocytes (Ledeboer et al., 2005) . Both interventions have been shown to effectively prevent allodynia and hyperalgesia in a wide range of pain models (Meller et al., 1994; Watkins et al., 1997; Milligan et al., 2000 Milligan et al., , 2003 Raghavendra et al., 2003a; Ledeboer et al., 2005) .
Microglia and astrocytes are not likely to be the only glial cells involved in pain enhancement, but because they are most accessible to study, most research has focused on these cells (Watkins et al., 2007b; Milligan and Watkins, 2009) . It is believed that, until activated, glia have little to no role in pain transmission (Meller et al., 1994; Watkins et al., 1997; Song and Zhao, 2001) , but central immune signaling may contribute to "setting" the basal nociceptive threshold (Wolf et al., 2003; Shavit et al., 2005b) . However, both astrocytes and microglia in the spinal cord assume a reactive phenotype (defined immunohistochemically by increased expression of celltype-specific activation markers) in response to inflammation and/or damage to peripheral tissues, peripheral nerves, spinal nerves, and spinal cord (Watkins et al., 2001; Milligan and Watkins, 2009) . Enhanced pain associated with nearly every clinically relevant animal model of chronic pain examined to date is blocked by disruption of glial activation and spinal cord proinflammatory cytokine actions (Meller et al., 1994; Watkins et al., 1997; Milligan et al., 2000 Milligan et al., , 2003 Sweitzer et al., 2001; Chacur et al., 2004 ; see also Ledeboer et al., 2006b) .
The mechanism(s) by which glially derived central immune signaling alters neuronal excitability is the focus of ongoing investigation. Neurons, including those in spinal cord dorsal horn and in the trigeminal nucleus, express receptors for proinflammatory cytokines and chemokines (Dame and Juul, 2000; Holmes et al., 2004; Ohtori et al., 2004) and exhibit increased neuronal excitability in response to these immune signals (Oka et al., 1994; Reeve et al., 2000) . For example, IL-1␤ has been demonstrated to enhance neuronal NMDA conductance, including in spinal cord dorsal horn (Viviani et al., 2003) , although IL-1␤ action at the IL-1 receptor is crucial to the enhanced pain states (Wolf et al., 2006) . Tumor necrosis factor-␣ (TNF-␣) rapidly up-regulates membrane expression of neuronal AMPA receptors (Beattie et al., 2002) and increases AMPA conductance . TNF-␣ also enhances neuroexcitability in response to glutamate (Emch et al., 2001) , and IL-1␤ induces the release of the neuroexcitant ATP via an NMDA-mediated mechanism (Sperlá gh et al., 2004) . In addition, proinflammatory cytokines can induce the pro-duction of a variety of neuroexcitatory substances, including nitric oxide, prostaglandins, and reactive oxygen species (Watkins et al., 1999; Samad et al., 2001) . Thus, central immune signaling can increase neuronal excitation, via various mechanisms, and thus enhance pain intensity, thereby contributing causally to the pathology of neuropathic pain.
2. Molecular Mediators Triggering Central Immune Signaling That Create and Maintain Pathologic Pain-Inducing Conditions. TLR signaling was implicated (even though not explicitly discussed) in initiating central immune signaling associated with enhanced pain in earlier studies, in which the effect of injecting the immunogenic portions of bacteria and viruses over the spinal cord was examined (Meller et al., 1994; Reeve et al., 2000; Kehl et al., 2004) . This use of bacteria and viruses without placing the results into the context of TLR signaling most likely occurs because TLR4 was not discovered to be the LPS receptor until 1998 (Poltorak et al., 1998) , and TLR2 was not defined as a receptor for viruses until 2002 (Bieback et al., 2002; Dü esberg et al., 2002) .
The early spinal cord studies noted above demonstrated that central immune signaling initiated by TLR4 is causal to allodynia and hyperalgesia. Tanga et al. (2004) showed a correlation between increased spinal microglial TLR4 activation and the onset of behavioral hypersensitivity. In a later study, Tanga et al. (2005) demonstrated that TLR4-null mutant mice had significantly attenuated behavioral hypersensitivity and decreased expression of spinal microglial markers and proinflammatory cytokines after L5 spinal nerve transection, a standard rodent model of neuropathic pain. It is noteworthy that up-regulation of central TLR4 was associated with hypernociception as shown in diverse pain models (Raghavendra et al., 2004b ) (see Fig. 1 for summary). As discussed in section II.B.3, in addition to detecting molecular patterns associated with invading pathogens, TLR4 detects host cell stress and damage (Miyake, 2007; Hutchinson et al., 2009b) . In the case of neuropathic pain, Tanga et al. (2005) demonstrated that sensory nerve damage led to the activation of TLR4dependent central immune signaling, resulting from the production of endogenous danger signals. These signals, in turn, induce nuclear factor -light-chain-enhancer of activated B cells (NF-B) activation and subsequent induction of proinflammatory cytokines (Vabulas et al., 2002; Tsan and Gao, 2004 ) (see Fig. 1 for summary). Furthermore, TLR4 blockade not only prevents the initial development of neuropathic pain (Tanga et al., 2005) but also reverses established neuropathic pain (Bettoni et al., 2008; Hutchinson et al., 2008c; Cao et al., 2009; Lan et al., 2010; Liu et al., 2010a; Saito et al., 2010; Wu et al., 2010) . The nociceptive consequences of TLR4induced central immune signaling are due, at least in part, to p38-dependent activation of reactive glial phenotypes (Liu et al., 2010a) and up-regulation of prosta-H glandin E2 and TNF-␣ (Saito et al., 2010) . Roles for other TLRs in initiating chronic pain states have also been demonstrated for TLR2 (Kim et al., 2007a; Shi et al., 2011) and TLR3 (Obata et al., 2008) . Recent data suggest that the involvement of TLR2 in pain may be at peripheral, rather than central, sites of action (Shi et al., 2011) .
Other direct neuron-to-glia signals have been implicated in enhanced nociception. For example, fractalkine (CX3CL1) is a protein tethered to the extracellular surface of neurons that can be released and diffuse away in response to strong neuronal activation, such as pathological pain conditions (Harrison et al., 1998; Chapman et al., 2000) . It is also considered to be a putative neuron-to-glia signal, because spinal cord neurons alone express CX3CL1 and microglia alone express the respective CX3CR1 receptors, a (Harrison et al., 1998; Hughes et al., 2002; Verge et al., 2004; Milligan et al., 2008) . Indeed, under conditions of neuropathic pain, the expression of CX3CR1 on microglia is up-regulated , induced by an IL-6/p38 MAPK signaling cascade (Lee et al., 2010) . The administration of exogenous CX3CL1 induces exaggerated pain states, whereas the blockade of endogenous CX3CL1 or knockout of CX3CR1 attenuates these symptoms in animal models of neuropathic pain Milligan et al., 2004 Milligan et al., , 2008 Staniland et al., 2010) . This suggests that peripheral nerve injury leads to the release of CX3CL1 from neurons in the dorsal spinal cord. Furthermore, administration of a CX3CR1 antagonist after establishment of a neuropathic pain model reduces nociceptive responses, suggesting prolonged release of CX3CL1 and a role in the maintenance of neuropathic pain . Although the release of CX3CL1 is probably not the earliest initiating neuron-glia activation signal in neuropathic pain, it is clearly critical for the maintenance of central immune signaling associated with chronic pain.
Another likely important chemokine, CCL2 (monocyte chemotactic protein-1), is up-regulated in dorsal root ganglion (DRG) neurons by chronic constriction injury, transported to the dorsal horn, and released in response to neuronal impulses (Tanaka et al., 2004; Zhang and De Koninck, 2006; Thacker et al., 2009) . Microglial CCR2 (the receptor for CCL2) is up-regulated by peripheral nerve injury (Abbadie et al., 2003; Zhang and De Koninck, 2006; Thacker et al., 2009) , and intrathecal CCL2 administration induces microglial activation, which is abolished in CCR2 knockout mice . Given that CCL2 up-regulation in the spinal cord closely precedes microglial reactivity (Zhang and De Koninck, 2006) , its secretion by primary afferents seems to be an initiating neuron-glial central immune signaling process causing microglial reactivity and heightened pain sensitivity (Dansereau et al., 2008) .
An additional pivotal signal involved in pain transmission and hypersensitivity is ATP acting via P2 puri-noceptors (Salter et al., 1993; Liu and Salter, 2005; Burnstock, 2006) . Microglia express P2X4 (Tsuda et al., 2003) and P2X7 receptors (Ferrari et al., 1996; Collo et al., 1997; Möller et al., 2000; Chakfe et al., 2002; Ulmann et al., 2008) . The involvement of P2X4 was demonstrated by the attenuation of established exaggerated pain responses induced by nerve injury after administration of a P2X4 antagonist (Tsuda et al., 2003) . Microglial P2X7 is also involved in inflammatory pain; it has been reported that disruption of the P2X7 receptor gene prevents both chronic inflammatory and neuropathic pain hypersensitivity (Chessell et al., 2005; McGaraughty et al., 2007) . Actions of P2X7 receptors may be also mediated by cells other than microglia, given that it is also expressed on macrophages, astrocytes, and the presynaptic terminals of neurons (Trang et al., 2006) . Although the exact source of ATP is unknown, it may be actively released from injured or degenerating primary afferents and dorsal horn neurons. Given the role of TLR4 in pain sensitization and the requirement of the ATP-P2X-sensitive NLRP3 inflammasome to complete the cleavage of immature IL-1␤ to mature IL-1␤, it also seems likely that TLR4 and P2 receptor signals may converge to elicit a complete central immune signal pathway. Finally, relating P2X7 back to CX3CL1 (see preceding paragraph), P2X7 signaling to microglia has recently been implicated as a causal factor in the release of cathepsin S that then leads to neuronal release of CX3CL1 .
Several other central immune signaling factors also play a critical role in hypernociception. For example, microglia and astrocytes express substance P receptors that are critical to short-term actions of this peptide. Intrathecal substance P administration is associated with hyperalgesia and proinflammatory reactivity of glia with selective glial p38 MAPK activation (Palma et al., 1997; Lai et al., 2000; Svensson et al., 2003) . Glutamate can cause glial reactivity via either receptor mediated signaling or generation of reactive oxygen species. Under basal conditions, microglia express AMPA receptors that may act to inhibit proinflammatory cytokine release (Hagino et al., 2004) , whereas astrocytes express ionotropic non-NMDA and NMDA receptors as well as metabotropic glutamate receptors that result in proinflammatory cytokine secretion via intracellular signaling pathways (Porter and McCarthy, 1997; Milligan and Watkins, 2009 ). However, it is likely that the combination of direct and indirect actions of glutamate lead to proinflammatory reactive glial phenotypes. Prostaglandins can contribute to central immune signaling because microglia and astrocytes both express prostaglandin receptors, facilitating glial reactivity by prostaglandin E 2 secreted from other glial cells, and neurons (Palma et al., 1997; Zhao et al., 2007; Cimino et al., 2008; Telleria-Diaz et al., 2010) . Further glial activation occurs via reactive oxygen species, including nitric oxide (Meller and Gebhart, 1993; Freeman et al., 2008) . NEUROIMMUNOPHARMACOLOGIC IMPLICATIONS FOR OPIOID ANALGESIA I Finally, the role of the opioid peptide dynorphin A in allodynia has recently drawn attention in the central immune signaling literature. Previously it was demonstrated that intrathecal administration of dynorphin A can induce profound allodynia via a non-opioid receptor-dependent mechanism that involved NMDA receptor activity (Vanderah et al., 1996; Laughlin et al., 1997) . It is clear that dynorphin is up-regulated during nerve injury and contributes to exaggerated pain states (Zhu et al., 2006) . Furthermore, central immune signaling contributes significantly to dynorphin-induced allodynia, because pretreatment with IL-1 receptor antagonist (IL-1ra), or the anti-inflammatory cytokine IL-10, inhibited dynorphin-induced allodynia (Laughlin et al., 2000) . It is noteworthy that Svensson et al. (2005a) demonstrated that the degraded dynorphin A(2-17) peptide, which lacks the first amino acid, rendering it opioid-inactive, was able to induce p38 MAPK activation in microglia and increase prostaglandin E 2 release. This presumably led to enhanced nociceptive signaling. Completing the evidence of the critical role of central immune signaling in the hypernociceptive actions of dynorphin is the work of Mika et al. (2010) , demonstrating that minocycline treatment of neuropathic animals significantly decreased the expression of prodynorphin mRNA. It is noteworthy that this also suggests that minocycline may have some neuronal activity, although the cellular location of the prodynorphin changes was not confirmed. Therefore, dynorphin seems to be another neuron-to-glial signal that results in central immune signaling and enhanced pain; critically, however, this does not involve classic opioid receptors.
III. Opioid Analgesics and Central Immune Signaling
A. What Have We Learned from Several Millennia of Opioid Analgesic Use?
1. Neuronal Opioid Receptors, Characteristics, and Impact of Metabolism. Despite the use of opiate analgesics derived from the opium poppy for several millennia and the comparatively more recent development of partially and fully synthetic opioids, it was not until the 1970s that research of the opioid system gained significant ground, after the isolation of endogenous compounds that bind to opioid receptors (competing with morphine binding) in brain homogenate preparations (Hughes et al., 1975) . These data suggested that specific receptors for opioid compounds must be present. Indeed evidence for the presence of such receptors came from binding studies conducted using brain and selective opioid ligands and nervous tissue (Pert and Snyder, 1973; Simon et al., 1973; Terenius, 1973) , which eventually led to the identification and characterization of three opioid receptor types: , , and ␦ (Evans et al., 1992; Satoh and Minami, 1995) .
As opioid research developed, it became apparent that opioid receptors display several characteristics that distinguish them from other classes of receptors: 1) peptide opioid ligands require an intact NH 2 terminus; 2) increased concentrations of sodium ion or the presence of GTP reduce opioid agonist binding but have minimal effect on antagonist affinity; 3) the binding of a ligand to an opioid receptor is often of high affinity (i.e., dissociation constant in the low nanomolar or subnanomolar concentration); 4) binding is stereoselective; 5) binding is blocked by classic opioid antagonists such as naloxone; 6) binding to novel sites has a similar rank order of affinity or effect compared with previously characterized opioid receptors; and 7) responses are pertussis-toxin sensitive, implicating receptor coupling to a G-protein (Sibinga and Goldstein, 1988) . These characteristics can be used to ascertain whether novel responses are mediated via a classic opioid receptor. That is, to infer classic opioid receptor involvement, several of these characteristics must hold true, as other receptor classes share some but not all of these properties. In the infancy of opioid research much attention was clearly directed toward the stereoselective receptors that seemed to be critical for the opioid analgesic responses, whereas the nonstereoselective binding sites were considered to be experimental noise in the assays (Goldstein et al., 1971) .
It is noteworthy that early opioid binding studies conducted by Goldstein et al. (1971) (see Fig. 2 ) demonstrated that binding to nonstereoselective but saturable specific binding sites (A minus B) were 30-fold more prevalent than the stereoselective opioid sites (B minus C), which constituted approximately only 2% of the total binding. Although the significance of opioid stereoselective sites has been well characterized, the significance of the nonstereoselective, but highly abundant, sites has not. Moreover, many of the principals outlined by Goldstein et al. (1971) to examine opioid binding have not been followed in subsequent studies, leading to the absence of further data on these abundant but specific nonstereoselective binding sites. Even studies in mice with triple knockout of the opioid receptors were conducted in a way that did not allow examination of these nonstereoselective but specific saturable binding sites because of the nature of the control methods (Simonin et al., 2001; Clarke et al., 2002; Kieffer and Gavériaux-Ruff, 2002) . Even subsequent studies conducted in Goldstein's laboratory ceased to report the saturable but nonstereoselective binding sites (Lowney et al., 1974) . Delfs et al. (1994) conducted one of the only studies that provided an opportunity to examine the nonclassic opioid binding sites by using parallel in situ labeling of opioid receptor mRNA and the binding of tritiated naloxone. The distribution of opioid mRNA expression mostly paralleled that of naloxone binding except for some notable brain regions. These include the cerebral cortex, area postrema, dorsal raphe nucleus, layer IV of the somatosensory cortex, anterior cingulated cortex I, J frontal parietal I and III-IV, piriform, entopeduncular nucleus, and superficial gray of the superior colliculus, which contained numerous naloxone binding sites but very few labeled neurons. The possible significance and cellular location of these or similar binding sites is discussed in detail below.
A key feature of opioid ligands is that they show varying affinity for the different opioid receptors and their subtypes. This characteristic has been used experimentally to determine the function of specific opioid receptor subtypes, and clinically to elicit enhanced analgesia. Examination of opioid chemical structures and binding affinities to the receptors allows predictions of structure-effect relationships. For example, Chen et al. (1991) demonstrated, using rat brain homogenates, that N-demethylation of 4,5-epoxymorphinan at position 17, such as in morphine, gives rise to compounds with reduced binding affinity to the opioid receptor. The functional group at position 6 has little effect on binding affinity; however, the functional group at position 3 is vital to this interaction, the presence of a hydroxyl group conferring the highest affinity. It is important to note that in vivo metabolism can result in the conversion of a poor analgesic to a potent analgesic metabolite by revealing functional groups that allow high-affinity binding to opioid receptors. An example of this is the CYP2D6 conversion of codeine to morphine as well as conversion of oxycodone to oxymorphone. Therefore, poor in vitro binding does not necessarily imply poor in vivo analgesic activity because of this in vivo bioactivation of pro-drugs. The converse, however, is also true; for example, the modification of the functional group at position 3, often by conjugation, results in a profound loss of opioid receptor activity (e.g., morphine-3-glucuronide) (Chen et al., 1991) . However, although this loss of opioid function may signify the end of this molecule's direct opioid receptor activity, it is apparent that metabolites such as morphine-3-glucuronide are capable of having long-term indirect consequences for opioid analgesia and nociceptive hypersensitivity that involve aspects of central immune signaling (Komatsu et al., 2009; Hutchinson et al., 2010c; Lewis et al., 2010) .
2. Central Anatomical Locations of Opioid Analgesic Action and Pain Processing. Opioids produce an analgesic effect when microinjected into CNS sites such as the periaqueductal gray, rostral ventromedial medulla, amygdala, insula, or spinal cord (Yaksh and Rudy, 1978) . Furthermore, microinjection of opioid antagonists into these sites, or their inactivation by other means, reduces the analgesic effect of systemically administered opioids. With the cloning of the three classic opioid receptors (, ␦, and ) and a fourth related receptor (opioid-like receptor 1) and the generation of selective antibodies for each, it became possible to map their CNS distributions. Each is present in the insula, amygdala, hypothalamus, hippocampus, rostral ventromedial medulla, and spinal cord dorsal horn (Mansour et al., 1995; Darland et al., 1998) . At spinal sites, ligands for the classic opioid receptors can produce an analgesic effect, in part by reducing excitatory amino acid and neuropeptide release from primary afferents (Suarez-Roca et al., 1992; Glaum et al., 1994; Grudt and Williams, 1994) and in part by a direct postsynaptic inhibition of central neurons that are activated by noxious stimulation.
If central immune signaling modifies the neuronal activity in any key center directly related to opioid ac- NEUROIMMUNOPHARMACOLOGIC IMPLICATIONS FOR OPIOID ANALGESIA K tion, or in the ascending or descending nociceptive pathways, then this may have a profound impact on the pharmacodynamic actions of opioids. Three areas of particular interest in this regard are the periaqueductal gray, rostral ventromedial medulla, and the dorsal root ganglia; they are reviewed in more detail here. This knowledge will be built upon later in this review to demonstrate that central immune signaling in opioid rich sites and/or in pain-processing sites is able to impact opioid analgesia.
a. Periaqueductal gray. The periaqueductal gray of the midbrain is a small area of gray matter surrounding the central canal of the brainstem and densely packed with heterogeneous neurons (Mayer and Price, 1976; Bandler and Shipley, 1994) . The periaqueductal gray integrates input from the limbic forebrain and diencephalon and is thought to represent the mechanism whereby cortical and other inputs act to modulate the nociceptive transmission from the spinal cord dorsal horn (Bandler and Keay, 1996) . Analgesia resulting from microinjection of opioid agonists into the amygdala is blocked by lignocaine inactivation of, or opioid antagonist injection into, the periaqueductal gray (Pavlovic et al., 1996; Helmstetter et al., 1998) . Given that few periaqueductal gray efferents project directly to the dorsal horn (Kuypers and Maisky, 1975; Castiglioni et al., 1978; Mantyh and Peschanski, 1982) , it has been shown that the modulatory effect of the periaqueductal gray is exerted indirectly through efferent connections with a variety of brainstem structures, such as the rostral ventromedial medulla.
b. Rostral ventromedial medulla. The rostral ventromedial medulla has been studied at length and is recognized as a major component of the pain modulatory circuitry, exerting its own effects in addition to relaying modulatory effects from higher brainstem sites (Fields and Basbaum, 1978; Behbehani and Fields, 1979; Pomeroy and Behbehani, 1979) . There are three distinct populations of neurons in the rostral ventromedial medulla: those that discharge just before the occurrence of withdrawal from noxious heat (on-cells); those that stop firing just before a withdrawal reflex (off-cells); and those that show no consistent changes in activity when withdrawal reflexes occur (neutral cells) (Fields and Heinricher, 1985; Fields et al., 1991) . Off-cells exert a net inhibitory effect on nociception, because their activation is sufficient to produce behavioral antinociception (Heinricher et al., 1994) . Conversely, on-cells exert a net facilitatory effect on nociception. Periods of ongoing on-cell discharge are associated with enhanced nociception (Heinricher et al., 1989; Ramírez and Vanegas, 1989; Bederson et al., 1990; Foo and Mason, 2003) ; similarly, direct selective activation of on-cells produces hyperalgesia in lightly anesthetized rats (Neubert et al., 2004) . The role of neutral cells remains to be elucidated (Potrebic et al., 1994; Mason, 1997) . Although all components of the descending modulatory network are impor-tant, the periaqueductal gray and rostral ventromedial medulla play key roles in the underlying mechanisms of pain modulation (Fields and Basbaum, 1978; Pomeroy and Behbehani, 1979) . In addition, the projection from the periaqueductal gray into the rostral ventromedial medulla is critical for the execution of its descending modulatory effect on dorsal horn nociceptive neurons (Behbehani and Fields, 1979; Fields et al., 1991; Urban and Smith, 1994; Cameron et al., 1995; Mason, 1999) .
The descending modulation of nociception is not only inhibitory. Several lines of evidence demonstrate timedependent biphasic effects of the pain modulatory system, which can inhibit or facilitate nociceptive transmission (Fields, 1988 (Fields, , 1992 Schaible et al., 1991; Gebhart, 1992, 1997; Ren and Dubner, 1996; Hurley and Hammond, 2000; Terayama et al., 2000) . Descending facilitatory pathways from the rostral ventromedial medulla are involved in the maintenance of, but do not seem to be involved in the initiation of, neuropathic pain in animal models (Kovelowski et al., 2000; Vera-Portocarrero et al., 2006) . Injection of the local anesthetic lidocaine into the rostral ventromedial medulla reverses established behavioral hypersensitivity in nerve-injured animals but does not prevent the expression of this hypersensitivity . These opposing modulatory effects indicate the rostral ventromedial medulla as a crucial site for balancing descending modulation.
c. Dorsal root ganglia. The DRG consists of cell bodies, or soma, of sensory neurons, satellite glia, dendritic cells, macrophages, and endothelial cells (Olsson, 1990) . Each neuronal cell body in the DRG is encapsulated by a layer of satellite cells separating neighboring soma (Pannese, 1981; Olsson, 1990; Shinder et al., 1998) . Almost every soma is bordered by a rich network of blood vessels that is far denser than the peripheral nerve or dorsal root and is outside of the blood-brain barrier (Olsson, 1990) . This cellular organization of the DRG makes processing of pain signals subject to the influence of central immune signaling.
3. Tolerance to Opioid Analgesia. Opioid tolerance is a phenomenon in which repeated exposure to an opioid results in decreased therapeutic effect of the drug or a need for a higher dose to maintain the same effect, reflected in a rightward shift of the dose-response curve. Although opioid tolerance is a well established and characterized phenomenon in the preclinical literature, it is far less obvious in the available clinical trials data (for review, see Ballantyne and Shin, 2008) with definitive clinical evidence surprisingly lacking. However, there is evidence that prior opioid exposure results in elevated opioid requirements in some patient populations (Rapp et al., 1995; Mitra and Sinatra, 2004) . Several early theories were proposed for the mechanism behind opioid tolerance, from the notion of a "silent receptor" (Collier, 1968) to more recent molecular hypotheses discussing specific signaling pathways (Toda et al., 2009 ). Toler-L ance to adverse effects of opioids does not develop at the same rate as the analgesic tolerance (Trescot et al., 2008) , producing a clinical predicament, because adverse effects may limit the administration of the maximum analgesic dose. Opioid tolerance can be divided into several types. Innate or naive tolerance (in some cases this has been referred to as antianalgesia) is a genetically or environmentally determined insensitivity that is observed during the first administration (Chang et al., 2007; Watkins et al., 2007a) . Acquired tolerance can be further divided into pharmacokinetic and pharmacodynamic tolerance; pharmacokinetic tolerance refers to changes in the distribution or metabolism of an opioid drug, resulting in reduced concentrations of the opioid drug in the blood or at the sites of drug action (Chang et al., 2007) , whereas pharmacodynamic tolerance refers to adaptive changes in opioid receptor sensitization and/or density. Christie (2008) has further characterized this pharmacodynamic tolerance: 1) at the opioid receptor: partial loss of capacity to signal to intracellular effectors over time due to decreased expression and/or reduced coupling efficacy; 2) at the cell: homeostatic adaptations to the signaling system as a result of continued opioid receptor activation, such as cAMP up-regulation; 3) at the system: adaptations in networks linked to the opioid receptor, such as ORL1receptor-nociceptin/OFQ systems, cholecystokinin, NK1 signaling, etc., which may function as antiopioids. As will be discussed later, several central immune signaling systems have also been implicated in contributing substantially to all forms of tolerance.
4. Hyperalgesia and Allodynia Induced by Opioid Analgesics. Opioid-induced hyperalgesia and opioid withdrawal-induced hyperalgesia are paradoxical increases in pain sensitivity that develop after short-and/or longterm opioid exposure, which have clearly been demonstrated in preclinical studies (Ossipov et al., 2004 and have also been reported to occur in several patient populations (Doverty et al., 2001; Angst and Clark, 2006; Pud et al., 2006; Singla et al., 2007; Hay et al., 2009 Hay et al., , 2010 , although this is not without controversy (for review, see Fishbain et al. (2009) ). Suggested mechanisms include glutamate-associated NMDA receptor activation, causing spinal neuron sensitization, which is supported by blockade of opioid-induced hyperalgesia after NMDA receptor antagonism Ossipov et al., 2005; Mao, 2006) . Other studies have documented that opioid-induced hyperalgesia results from increased excitatory neurotransmitters such as cholecystokinin, which are released by neurons from the rostral ventromedial medulla and in turn activate spinal pathways that up-regulate spinal dynorphin. Both cholecystokinin and dynorphin act as pronociceptive agents (Dourish et al., 1988; Xu et al., 1992; Vanderah et al., 2000 Vanderah et al., , 2001 Gardell et al., 2002) . Crain and Shen (2000) have investigated mechanisms whereby the neuronally bound GM1 ganglioside may induce a switch from the inhibitory G i/o to stimulatory G s coupling of the opioid receptor. Their in vitro data suggest that ultra-low doses of opioid antagonists may selectively block G s -coupled opioid receptors because of lower activation thresholds (Crain and Shen, 2000) . In a similar fashion to tolerance, recent advances in central immune signaling research have implicated several similar systems in contributing to opioid-induced hyperalgesia and allodynia, lending support to the hypothesis that hyperalgesia/allodynia and tolerance share similar mechanisms associated with opioid exposure (Ossipov et al., 2003) .
5. Non-Neuronal Expressions of Opioid Receptors within the Central Nervous System. As highlighted previously, opioid receptors are expressed in several non-neuronal organs and cell types throughout the body, including the CNS. An understanding of the cellular and temporal expression of these opioid receptors is critical to understanding the actions that classic opioids may have on central immune signaling by these non-neuronal cells.
Astrocyte opioid receptor expression is by far the best defined, including expression of (Dobrenis et al., 1995; Hauser et al., 1996; Ruzicka et al., 1996; Festa et al., 2002; Burbassi et al., 2010) , (Bunn et al., 1985; Gorodinsky et al., 1995; Maderspach et al., 1995) , and ␦ receptors (Thorlin et al., 1998a) . However, this opioid receptor expression is highly varied. For example, Ruzicka et al. (1995) , using primary cultures of astrocytes from various rat brain regions, generally found lower levels of receptor mRNA and much more ␦ and in cortical, striatal, cerebellar, hippocampal, and hypothalamic astrocytes. When expressed, opioid receptor mRNA was most abundantly expressed in cortical cultures, whereas the greatest levels of ␦ receptor mRNA were found in the cortical and hypothalamic cultures, and significant receptor mRNA levels were produced by the cortical, hypothalamic and cerebellar cultures. The rank order of total opioid receptor mRNA expression across different astrocyte cultures was cortex Ͼ hypothalamus Ͼ cerebellum ϭ hippocampus Ͼ striatum (Ruzicka et al., 1995) .
Another key feature of astrocyte opioid receptor expression is that it is highly dependent on cell maturity and cell cycle. Immature astrocytes display significantly greater (Gurwell et al., 1996; Tryoen-Toth et al., 1998) and ␦ (Thorlin et al., 1998b) opioid receptor expression. Persson et al. (2000) demonstrated that astrocyte ␦ opioid receptor protein levels increased 2-fold during mitosis and mRNA increased 3-fold during the G 1 /S transition. Others have found similar results for and receptor expression (Thorlin et al., 1999) .
Glial opioid receptor expression accounts for 2 to 3% of the total opioid receptor expression observed in the rat spinal cord (Cheng et al., 1997) , nucleus tractus solitarius (Glass and Pickel, 2002) , dentate gyrus (Drake et al., 2002) , caudate putamen (Rodriguez et al., 2001) , and up to 9% in the nucleus accumbens (Svingos et al., 1996) .
NEUROIMMUNOPHARMACOLOGIC IMPLICATIONS FOR OPIOID ANALGESIA M It is noteworthy that in the spinal cord, this opioid receptor expression was mainly observed along the plasma membrane and sometimes near astrocytic gap junctions (Cheng et al., 1997) . Opioid receptor-positive astrocytes have also been observed in the striatum, but the proportion of positive cells was not reported (El-Hage et al., 2006) . Delta opioid receptor expression has been observed on glial-like cells in the dentate gyrus (Commons and Milner, 1996) and rat spinal cord (Cheng et al., 1997) , and this accounted for up to 5% of the total ␦ opioid receptor expression observed. The greatest expression of opioid receptors is in glial cells of the posterior pituitary (pituicyte) (Bunn et al., 1985; Burnard et al., 1991) . It is noteworthy that glial opioid receptor expression is rarely observed in the medial prefrontal cortex (Svingos and Colago, 2002) and spinal cord (Harris et al., 2004) . Such low-level-to-complete absence of opioid receptor expression (Delfs et al., 1994) has led some to hypothesize that opioids modulate astrocyte function via some other nonopioid receptor mechanism (Schwartz et al., 1994) .
Surprisingly few opioid receptor expression data are available for microglia. Horvath et al. (2010b) recently reported small punctate staining of the opioid receptor on some processes and cell bodies of some CD11b-positive microglia in the mouse spinal cord. In vitro culture data demonstrate that fetal human and mouse microglia express Bokhari et al., 2009 ) and opioid receptor mRNA and protein (Chang et al., 1996) . Neonatal rat cortical microglial cultures express the complement of , , and ␦ opioid receptors ; however, how the expression changes with maturation in these cells is unclear. In addition, 3 opioid receptor subtype expression by microglia has also been reported (Dobrenis et al., 1995) .
Oligodendrocyte expression of opioid receptors also depends on the maturity status of the developing cell, and opioid regulation seems to be critical to oligodendrocyte maturation; (Knapp and Hauser, 1996; Knapp et al., 1998; Tryoen-Toth et al., 2000) and (Tryoen-Toth et al., 1998) opioid receptor expression is highest in immature cells and decreased in mature cells. ␦ Opioid receptor expression is apparently absent from this cell type (Knapp et al., 1998) .
B. Why Look Beyond Neuronal Opioid Analgesic Actions?
1. The Clinical Predicament of Ineffective Opioid Analgesia and Adverse Effects. If opioid medications provided a completely effective, safe, and predictable treatment for the management of acute and chronic pain, with no unwanted adverse effects, then there would be only an academic interest in pain research and the associated study of analgesic mechanisms, with little to no urgency in the pace of clinical and molecular pain research. Clearly this is not the case. The treatment of pain is a complex biopsychosocial process that requires a multidisciplinary approach, combining pharmacological and nonpharmacological interventions. Moreover, as outlined above, there are several nociceptive complications of opioid exposure, let alone the myriad of other potential clinical issues, including physical dependence, cognitive disorders, dysfunction of the immune and reproductive systems, respiratory depression, nausea and vomiting, pruritus, miosis, constipation, and sedation, that may be experienced by some clinical populations (Schug et al., 1992; Højsted and Sjøgren, 2007) . Unfortunately, adverse effects associated with opioid treatment may limit its clinical benefit (Slatkin and Rhiner, 2003) . This is borne out by data showing that long-term opioid treatment achieves the key goals of pain relief (i.e., improved functional capacity and quality of life) in only a small proportion of patients, leaving the majority poorly maintained with chronic nonmalignant pain conditions (Højsted and Sjøgren, 2007) .
Therefore, there is a need to re-evaluate the actions of opioids, including those that directly modify non-neuronal systems, such as central immune signaling, incorporating advances in parallel research fields that may shed new light on how these apparently disparate opioid-induced modulations can alter opioid analgesia. Patient care must be the foremost concern; therefore, providing safe and effective pain relief is critical. Advances in the understanding of opioid action that allow only an opioid-sparing effect may have minimal clinical benefits. However, discoveries that facilitate a paradigm shift in our appreciation of optimal analgesic strategies for the management of acute and chronic pain are imperative. Hope for such a step forward in opioid pharmacology may lie in the knowledge of opioid-induced central immune signaling.
2. Mechanistic Similarities between Pathological Pain and Opioid-Induced Abnormal Pain. It is obvious that the initial etiologies of neuropathic pain and opioid tolerance/hyperalgesia are distinct, because neuropathic pain can originate from diverse molecular and macrostructure insults in the absence of exogenous opioids (Milligan and Watkins, 2009 ). However, as discussed in detail in sections II.C and III, there are striking similarities between the broad mechanisms that contribute to opioid tolerance and hyperalgesia (Mao et al., 1995b; Ossipov et al., 2003; King et al., 2005) , as well as with those contributing to neuropathic pain (Mao et al., 1995a; Mayer et al., 1999; Raghavendra et al., 2002) . Therefore, several years ago, researchers began to look into both the neuropathic pain and opioid literature in search for common mechanisms underlying the nociceptive hyperexcitability and possibly for a better treatment of neuropathic pain, which may circumvent opioidinduced hyperexcitability. It is noteworthy that these common adaptations also occur in overlapping pain processing anatomical locations, such as the rostral ventromedial medulla, spinal cord dorsal horn, and dorsal root N ganglion. Of the several common pathways implicated, central immune signaling continues to be an area of exciting and intense research and has recently been the subject of several excellent reviews Watkins et al., 2005 Watkins et al., , 2007a Watkins et al., , 2009 Scholz and Woolf, 2007; Mika, 2008; Ren and Dubner, 2008; Inoue, 2009; Milligan and Watkins, 2009; Austin and Moalem-Taylor, 2010; Gao and Ji, 2010) .
Unlike neuropathic pain, in which the exact exogenous or endogenous molecular trigger(s) of the chronic pain state remains unknown, it is clear that opioidinduced tolerance and hyperalgesia rely on the presence of opioids and/or their metabolites. One might assume, therefore, that direct opioid-induced receptor activation and ensuing downstream adaptations may entirely account for the presentation of opioid tolerance and hyperalgesia. However, this is not the case because triple opioid receptor knockout mice are not protected against opioid-induced hyperalgesia (Juni et al., 2007; Waxman et al., 2009) . These data suggest that opioid administration results in the activation of a parallel pronociceptive and/or counter opioid analgesia regulatory system. This hypothesis is supported by the ability of the classic TLR4 ligand LPS or the opioid-inactive (ϩ)-isomer of morphine to create naive tolerance/antianalgesia (Takagi et al., 1960; Johnston and Westbrook, 2005; Wu et al., 2005 Wu et al., , 2006a . A review of the literature discussing opioid actions mediated by nonclassic opioid receptors follows.
3. Opioid Actions That Are Not Caused by Classic Opioid Receptors. As outlined previously, opioid receptors share several key characteristics that distinguish them from other possible binding sites (Sibinga and Goldstein, 1988) . The most pertinent of these for this discussion are the following: peptide ligands require an intact NH 2 terminus; binding is stereoselective; and classic opioid antagonists (such as naloxone) block binding (Sibinga and Goldstein, 1988) . It is noteworthy that these classic opioid binding sites are apparently not as abundant as the saturable nonstereoselective locations (Goldstein et al., 1971) , therefore providing plentiful opportunities for other opioid actions if these ligandreceptor interactions result in a functional cellular response.
Nonclassic opioid actions were observed in one of the first studies that used synthesized unnatural opioid inactive stereoisomers (Takagi et al., 1960) . Takagi and colleagues (1960) observed the induction of naive tolerance/antianalgesia by administration of (ϩ)-morphine. In the same publication, little to no stereoselectivity was observed in the antitussive activity of morphine or codeine. From then on, the classic actions of opioids were continuously examined and reported, whereas the nonclassic sites received minimal attention, probably because of the unknown site(s) of action.
For the hypothesis of nonclassic opioid action to persist in the literature, there should be examples of non-classic opioid actions that fall loosely into three groups: 1) responses elicited by opioid ligands in the apparent absence of classic opioid receptor expression; 2) responses elicited by opioid ligands in a nonclassic opioid fashion; and 3) similar actions of nonclassic opioid ligands clearly in a nonclassic opioid fashion. In some cases, both classic and nonclassic opioid ligands may act at the same site. This does not mean, however, that a nonclassic opioid ligand must have the same nonclassic opioid site of action as an opioid ligand. For example, opioid antagonists may not act directly to antagonize the actions of a nonclassic opioid ligand; instead, functional antagonism may be the result of indirect activation of an opposing effect. Given the aim of this review, the nonclassic opioid actions discussed here focus primarily on opioid-induced central immune signaling.
Whether the actions of opioids at CNS non-neuronal cells are mediated by opioid receptors has been a topic of discussion as early as the 1980s. For example, Hansson and Rönnbä ck (1983) reported significant opioid effects on protein synthesis in astrocyte cultures in the absence of classic morphine binding sites. Rönnbä ck and Hansson (1985) and Hansson and Rönnbä ck (1985) continued this discussion of the role of astrocytes in the development of opioid tolerance, suggesting that the synthesis of proteins that is required for the development of tolerance and physical dependence are not related to the opioid receptor actions. Despite the fact that negligible specific binding of opioids was observed in the cerebellum (Pert et al., 1974) , Rönnbä ck and Hansson (1985) and Hansson and Rönnbä ck (1985) found significant changes in opioid-induced protein synthesis, and others observed protein metabolic changes in the cerebellum after morphine treatment (Loh and Hitzemann, 1974; Lang et al., 1975) . These findings represent a clear dissociation between opioid action and opioid receptor expression. As mentioned previously, triple opioid receptor knockout mice, with the deletion of opioid receptor genes and hence expression, still maintain hyperalgesic responses to opioid exposure (Juni et al., 2007; van Dorp et al., 2009 ).
Owing to the use of more elaborate techniques, as discussed previously, there is now evidence that the resident immunocompetent cells of the CNS possess some opioid receptor expression, albeit not homogeneous or plentiful, and this expression is highly dependent on cell maturation status. In studies examining opioid-induced changes in central immune signaling, conducted in vitro or in vivo using adult rodents, whether the responses elicited are mediated via direct action of the opioid ligand at a classic opioid receptor remains in question. These data raise the need to re-examine the abundant nonstereoselective but saturable binding sites introduced by Goldstein et al. (1971) (see Fig. 2 ).
Another open question is the specificity of the "selective" opioid agonist and/or antagonists that have been used to elicit and/or block "specific" opioid actions. That NEUROIMMUNOPHARMACOLOGIC IMPLICATIONS FOR OPIOID ANALGESIA O is, can an opioid ligand also behave in a nonclassic opioid fashion? As previously outlined, there are plentiful binding sites for some of these ligands in the binding data reported by Goldstein et al. (1971) (see Fig. 2 ). The opioid active antagonist (Ϫ)-naloxone is an example of such an antagonist that has been used in isolation to conclude opioid receptor involvement. There is now significant evidence that (Ϫ)-naloxone possesses substantial potent nonclassic opioid receptor activity, in addition to its opioid receptor actions, and that these actions have behavioral significance. Dunwiddie et al. (1982) established that spontaneous activity of hippocampal pyramidal cells in the CA1 region, but not neurons in the frontal cortex, were nonstereoselectively sensitive to naloxone. Whether these were direct or indirect actions on the neuron was not characterized.
Since then it has been established that the opioid receptor active isomer (Ϫ)-naloxone and the inactive isomer (ϩ)-naloxone (Iijima et al., 1978) are capable of protecting neurons against NMDA-and quinolinate-induced neurotoxicity (Kim et al., 1987; Choi and Viseskul, 1988) , blocking tritiated-LPS binding to microglia (Liu et al., 2000a,) , and protecting dopamine neurons against LPS-induced neurotoxicity in vitro or in vivo by multiple actions, including decreasing microglial proinflammatory cytokines IL-1␤ and TNF-␣ expression, decreasing expression of reactive phenotype markers, decreasing inducible nitric oxide synthase transcriptional events, and decreasing superoxide production (Das et al., 1995; Kong et al., 1997; Chang et al., 2000; Liu et al., 2000a,b,c; Lu et al., 2000; Liu et al., 2002a; Qin et al., 2005) . Furthermore, these neuroprotective actions of naloxone were not limited to LPS, as (ϩ)-naloxone, (Ϫ)naloxone, and naloxone methiodide all protected against ␤-amyloid-induced neurotoxicity and superoxide formation by microglia (Liu et al., 2002b) . It is noteworthy that there is significant evidence that ␤-amyloid can activate microglia via TLR4-dependent pathways (Tang et al., 2008; Reed-Geaghan et al., 2009; Vollmar et al., 2010) , suggesting, given the previously discussed evidence, that naloxone has nonstereoselective cross-ligand sensitivity of action at TLR4.
(Ϫ)-Naloxone has also been found to block LPS potentiation of serotonin-induced calcium signaling in cultured astrocytes (Hansson et al., 2008) . (ϩ)-Naloxone however failed to protect against cortical ischemia reperfusion injury (Liao et al., 2003) and myocardial ischemia (Chien and Van Winkle, 1996) , in which its hypothesized anti-inflammatory and neuroprotection properties would have predicted success, although variables such as escalation of dosing regimens remain to be explored. It is noteworthy that (Ϫ)-naloxone was protective in each of these cases at equimolar doses (Chien and Van Winkle, 1996; Liao et al., 2003) . These examples of nonstereoselectivity clearly preclude the role of classic opioid receptors in these responses and thus raise the question of the validity of the classic opioid receptor involvement in other studies in which (Ϫ)-naloxone was employed in isolation. It is noteworthy that this question is not restricted to (Ϫ)-naloxone; the selective opioid receptor antagonist ␤-funaltrexamine possesses properties similar to those of (ϩ)-naloxone, raising the question of the opioid receptor requirement for these actions (Davis et al., 2007 (Davis et al., , 2008 . The clear nonclassic actions of morphine were also demonstrated by Li et al. (2010 Li et al. ( , 2009 ) who reported neuronal apoptosis was dependent on TLR2 expression via glycogen synthase kinase 3␤-and ␤ arrestin-sensitive mechanisms. Consequently, additional care needs to be taken when assessing classic opioid receptor involvement in future research.
The complexity of the biological systems modulated by nonstereoselective nonopioid binding sites is typified by the work of Wu et al. (2006a) which highlighted the (ϩ)and (Ϫ)-naloxone sensitivity of LPS-induced naive tolerance/antianalgesia to morphine. We have extended these studies by demonstrating that coadministration of morphine together with (ϩ)-naloxone or (ϩ)-naltrexone can potentiate acute morphine analgesia, slow the development of analgesic tolerance, protect against the development of opioid dependence and hyperalgesia (Hutchinson et al., 2010c) , and reverse chronic constriction-induced allodynia (Hutchinson et al., 2008c) , likely via reduced glial proinflammatory responses. Others have shown actions of (ϩ)-naloxone in scenarios as diverse as blocking cocaine-and amphetamine-induced hyperactivity (Chatterjie et al., 1996 (Chatterjie et al., , 1998 and reducing superoxide production by human neutrophils (Simpkins et al., 1985) . Important to this review are the clear consequences of nonclassic opioid signaling in decreasing opioid analgesia and contributing to unwanted adverse effects, as discussed below.
Parallel to these studies of (ϩ)-naloxone are the nonclassic actions of inactive stereoisomers of opioid agonists. As mentioned earlier, Takagi et al. (1960) first observed the induction of naive tolerance/antianalgesia by administration of (ϩ)-morphine. This antianalgesic action of (ϩ)-morphine has been extended by Wu et al. (2005 Wu et al. ( , 2006a Wu et al. ( ,b,c, 2007 , who found, in addition to extensive characterization of the induction of naive tolerance (discussed in detail in section III.B.3), that (ϩ)-morphine decreased the acquisition of conditioned place preference, a behavioral measure of drug reward. Our work has demonstrated that the (ϩ)-isomers of morphine and methadone are capable of inducing allodynia and hyperalgesia accompanied by expression of spinal proinflammatory cytokines (Hutchinson et al., 2010a) . (ϩ)-Morphine has also been demonstrated to induce hyper-responsivity when injected in the periaqueductal gray area (Jacquet et al., 1977) , to bind nonstereoselectively to mouse thymocytes and a macrophage cell line (Roy et al., 1991 (Roy et al., , 1992 (Roy et al., , 1996 , and, surprisingly, to protect dopamine neurons from toxicity (Qian et al., 2007) . These later neuroprotective actions of (ϩ)-morphine at first seem contrary to the hypothesized detrimental effects of inducing a proinflammatory central immune P HUTCHINSON ET AL. signal. However, the temporal association of the (ϩ)morphine challenge with the neurotoxic insult may lead to protection owing to the challenge coinciding with the resolution phase of the initial (ϩ)-morphine insult. Thus (ϩ)-morphine and similar conditioning challenges may indirectly facilitate protection from neurotoxic insults. Again, given the nonclassic actions of morphine reported here, the justification of an opioid receptor involvement based on the results of morphine alone is clearly insufficient.
Although unrelated to the above responses, it is noteworthy that the opioid-inactive isomer of methadone [(ϩ)-methadone] has established NMDA receptor antagonist capacity, thereby demonstrating the clear potential for nonopioid actions of opioid-inactive isomers (Ebert et al., 1995) , although this property is not shared by (ϩ)-morphine or (ϩ)-naloxone. (ϩ)-Methadone has also been shown to decrease natural killer cell activity (Ochshorn et al., 1990) , decrease human peripheral blood mononuclear cell proliferation (Singh, 1980; Thomas et al., 1995) , and decrease cortical neuron neurotoxicity (Choi and Viseskul, 1988) . The influence of methadone on the growth and survival of cancerous cells has revealed nonstereoselective binding (Maneckjee and Minna, 1997) and inhibition of growth (Maneckjee and Minna, 1992) ; (Ϫ)-naltrexone is capable of antagonizing this effect (Maneckjee and Minna, 1992) and therefore also displays cross-sensitivity.
It is noteworthy that cross-sensitivity has also been reported with (Ϫ)-naloxone [able to block the actions of (ϩ)-morphine] and (ϩ)-naloxone [able to block the actions of (Ϫ)-morphine] (Wu et al., 2006a; Hutchinson et al., 2010a) . Given that at least some of these responses are cross-sensitive, two alternative hypotheses to explain such responses have been suggested. The first holds that there are true nonstereoselective sites via which both opioid active and opioid inactive isomers act in a competitive and/or noncompetitive fashion. Alternatively, the ligands may act at two different sites, the actions of which nullify each other, thereby creating a state of indirect, but functional, antagonism or blockade of the response. Further evidence for both cases is discussed in detail below.
The nonclassic actions of opioid ligands are not limited to small-molecule analogs; endogenous opioid peptides also possess such nonclassic actions. As mentioned earlier, the opioid agonist dynorphin possesses potent pronociceptive actions that are not mediated via classic opioid receptors (Svensson et al., 2005a) . This nonclassic action is not limited to pronociceptive consequences, because both dynorphin 1 to 18 and 2 to 17 were able to protect neurons from LPS-induced neurotoxicity (Kong et al., 1997 (Kong et al., , 2000 Liu et al., 2001) in a opioid receptor antagonist-insensitive fashion (Liu et al., 2001) . It is noteworthy, however, that both dynorphins were also capable of inducing a TNF-␣ response (Liu et al., 2001) , which would be contrary to a pure blockade of the LPS toxicity, indicating that parallel processing systems may be involved here.
Collectively, these data provide significant evidence for the importance of nonclassic opioid actions in opioid pharmacodynamics. Moreover, given the clear implications of nonclassic opioid responses for opioid analgesia and the association with central immune signaling, this provides a fascinating, potentially clinically relevant application for the involvement of such signaling pathways. Accordingly, a detailed review and characterization of the immune signaling consequences of opioid exposure and the possible role of classic and nonclassic opioid responses follows.
C. What Is the Impact of Opioid Exposure on Central Immune Signaling?
Upon in vivo or in vitro opioid exposure, several aspects of central immune signaling are altered in a way that can modify neuronal homeostasis and in turn lead to changes in behavioral responses. Given the breadth of research in this area over the past 40 years, an attempt has been made to cluster these responses into five principal aspects: cell proliferation/death/survival; cell marker/phenotype (receptor expression); cell function; intracellular signaling; and extracellular signaling. A review of each of these five aspects follows. Figures summarizing the opioid-induced central immune signaling events in astrocytes (Fig. 3) , microglia (Fig. 4) , and neurons ( Fig. 5 ) are also presented.
1. Changes in Non-Neuronal Cell Proliferation and Survival in the Central Nervous System. The earliest opioid-induced adaptations of non-neuronal cells observed in the CNS were alterations in cellular proliferation and survival. Roth-Schechter and Mandel (1976) published one of the earliest reports of morphine decreasing glial culture growth rates. Subsequent studies demonstrated similar morphine-induced decreases in astrocyte cell proliferation Zagon and McLaughlin, 1991; Hauser et al., 1996) ; this effect was found to be naloxone-sensitive and generalizable to astrocytes across multiple brain regions (striatum, hippocampus, and cerebral cortex) (Stiene-Martin and Hauser, 1993) . Endogenous opioids have also been demonstrated to decrease astrocyte proliferation in vitro (Stiene-Martin and Hauser, 1990; Zagon and McLaughlin, 1991) and thus the endogenous opioid system was linked to embryonic brain development. The inhibitory effect of opioid receptors on epidermal growth factor-induced astrocyte proliferation has been further examined in vitro and demonstrated to be linked to up-regulation of ERK phosphorylation (Belcheva et al., 2003 (Belcheva et al., , 2005 McLennan et al., 2008) . Protein kinase C (Belcheva et al., 2005) , ␤ arrestin, and calmodulin pathways seem to be involved in the antiproliferative effects of opioids on astrocytes (Miyatake et al., 2009) (see Fig. 3 for summary).
NEUROIMMUNOPHARMACOLOGIC IMPLICATIONS FOR OPIOID ANALGESIA Q The developmental hypothesis is supported by the actions of opioid agonists demonstrating that dynorphin A and B (Gorodinsky et al., 1995) and synthetic opioid agonists (Gurwell et al., 1996) induced inhibition of cerebral astrocyte proliferation in a opioid antagonist-sensitive fashion (Gorodinsky et al., 1995; Gurwell FIG. 4 . Consequences of opioid-induced central immune signaling in microglia. Opioid-induced microglial responses occur via opioid engagement of classic opioid receptors expressed by microglia and via activation of TLR4-dependent signaling. The activation of these signaling events leads to the release of many inflammatory mediators, increased cellular motility and the up-regulation of cell surface receptors that enhance the microglial sentinel role. These classic and nonclassic actions of opioids at microglia result in a profound proinflammatory central immune signaling response that can influence neuronal and non-neuronal cells. If these microglial-dependent events occur in nociceptive control centers of the CNS, such as the dorsal spinal cord, a profound effect on the pharmacodynamics of the administered opioid can be expected (see section III.C for details).
FIG. 3. Consequences of opioid-induced central immune signaling in astrocytes.
Opioid-induced central immune signaling can directly and indirectly modify astrocyte function. Opioid exposure is associated with increased expression of astrocyte chemokine receptors and activation markers, as well as the release of inflammatory mediators. It is noteworthy that there is also disruption of the astrocyte control of extracellular glutamate homeostasis owing to decreased glutamate uptake by astrocyte glutamate transporters, creating an environment of neuroexcitability (see section III.C for details). et al., 1996) ; this effect was highly dependent on the cells maturity, immature cells being more opioid-responsive (Gurwell et al., 1996) . It is noteworthy that this maturity-dependent change correlates well with the opioid expression of these cells (Gurwell et al., 1996) as discussed earlier, and raises concerns for extrapolation of results derived in primary cultures from embryonic/ early postnatal cells to adults of any species. In contrast, opioid agonism causes proliferation in pituitary astrocytes (Bunn et al., 1985; Burnard et al., 1991) and spinal astrocytes . These opioid-induced cell proliferation responses are not consistently reported in the literature. For example, ␦ opioid-selective actions on astrocyte proliferation have been observed, in the absence of any effect of and ligands (Stiene-Martin and . Likewise, in vitro to in vivo discrepancies also exist; in vivo morphine administration has been reported to cause no change in astrocyte numbers in the nucleus accumbens, caudate nucleus, and lateral septal nucleus (Lazriev et al., 2001) . Thus, the CNS region seems to be a key factor in determining opioid proliferative responses in astrocytes.
The reports of opioid actions on oligodendrocytes are mixed; Stokes and Lee (1976) reported decreased mRNA synthesis after morphine exposure, but other reports show opioid receptor agonism to increase proliferation in a naloxone-sensitive fashion (Knapp and Hauser, 1996; Knapp et al., 1998) . Once again, the opioid effect was found to be more pronounced in immature cells (Knapp and Hauser, 1996; Knapp et al., 1998 ). In con-trast, opioid receptor antagonism increased oligodendrocyte death (Knapp et al., 2001) , and opioid antagonism during development was found to have profound inhibitory effects on astrocyte and oligodendrocyte proliferation (Persson et al., 2003) .
Morphine has also been shown to induce microglial apoptosis, although astrocytes were resistant to such effects (Hu et al., 2002) . The role of morphine-induced caspase-3 has been implicated in the apoptotic death of microglia (Hu et al., 2002) via glycogen synthase kinase-3␤ and p38 MAPK signaling pathways (Xie et al., 2010) ; morphine also interacts with HIV Tat proteininduced death (Khurdayan et al., 2004 ) (see Fig. 4 for summary). It is noteworthy that the resistance of astrocytes to morphine-induced apoptosis remains unclear, because it is not due to lack of apoptotic machinery or apparent lack of opioid receptor expression (Hu et al., 2002) , thus the variable expression of other nonclassic sites of opioid action may account for these results.
Adaptations in Non-Neuronal Cell Marker and Reactivity Phenotype in the Central Nervous System.
Early studies have also demonstrated profound opioid-induced changes in cellular morphology and phenotypic receptor/immunohistological marker expression. Variable opioid-induced changes in expression of the astrocytic GFAP were first reported in the early 1990s. After long-term systemic morphine administration, a significant increase in GFAP expression was observed in the ventral tegmental area but not in the substantia nigra, locus ceruleus, cerebral cortex, or spinal cord, thereby displaying NEUROIMMUNOPHARMACOLOGIC IMPLICATIONS FOR OPIOID ANALGESIA S significant regional heterogeneity (Beitner-Johnson et al., 1993) . Moreover, these drug-naive and opioid-induced differences in GFAP expression were strain specific (Beitner-Johnson et al., 1993) . It is noteworthy that Beitner- Johnson et al. (1993) hypothesized a possible role for these opioid-induced GFAP adaptations in responses to drugs of abuse, because they occurred primarily in the mesolimbic dopamine system and strain differences were associated with preference for drugs of abuse.
Opioid-induced elevations in GFAP expression by astrocytes after long-term drug exposure has since been observed repeatedly using mRNA (Marie-Claire et al., 2004; Raghavendra et al., 2004a; Tawfik et al., 2005) , protein (Tawfik et al., 2005; Wen et al., 2008; Mika et al., 2009; Ramos et al., 2010) , and immunohistochemistry quantification of protein (Alonso et al., 2007) . However, some studies have failed to show opioid-induced GFAP up-regulation for reasons that are unclear (Horvath et al., 2010a) . Regional heterogeneity is apparent, with no morphine-induced changes observed in the dorsal raphe nucleus, hypothalamus, prefrontal cortex, substantia nigra, and thalamus (Beitner-Johnson et al., 1993; Ferrer-Alcón et al., 2000; Song and Zhao, 2001; Hutchinson et al., 2009a) . Important for opioid analgesia, GFAP up-regulation has been observed in key pain centers in the CNS, including the dorsal spinal cord, trigeminal nucleus, rostral ventromedial medulla, and periaqueductal gray (Song and Zhao, 2001; Hutchinson et al., 2009a) . Increased astrocyte expression of cell surface receptors, such as the chemokine receptors CCR2, CCR3, CCR5, and CXCR2 (Mahajan et al., 2002) and , , and ␦ opioid receptors , have also been reported after in vitro exposure to morphine (see Fig. 3 for summary).
The mechanisms of morphine-induced elevations in GFAP expression have also been examined, implicating NMDA receptor signaling (Wen et al., 2008) , CCL5 (El-Hage et al., 2008a ), CCR2 (El-Hage et al., 2006 , protein kinase C (Narita et al., 2005) , ceramide synthase , sphingosine kinase (Muscoli et al., 2010) , matrix metalloproteinase-9 (Liu et al., 2010b) , P2X4 (Horvath et al., 2010b) , ␣2-adrenergic receptor (yohimbine) (Garrido et al., 2005; Alonso et al., 2007) , and alterations in glutamate homeostasis (ceftriaxone) (Ramos et al., 2010 ) (see Fig. 3 for summary) . Morphineinduced GFAP elevations were naltrexone-sensitive (Beitner-Johnson et al., 1993; Bruce-Keller et al., 2008) , and could be blocked even by an ultra-low dose of naltrexone (Mattioli et al., 2010) . Several general proinflammatory attenuators have been shown to block opioid-induced GFAP up-regulation, such as antioxidant cis-7-methyl-9-methoxy-5,5a,6,10b-tetrahydroindeno[2,1-b]indole (H-290/51) (Sharma et al., 2010) , ibudilast (Hutchinson et al., 2009a) , fluorocitrate (Song and Zhao, 2001) , propentofylline (Raghavendra et al., 2004a; Narita et al., 2006a,b; Holdridge et al., 2007) , pentoxifylline, and minocycline (Mika et al., 2009 ).
Opioid-induced elevations in microglial reactive phenotype cell surface marker expression (see Fig. 4 for summary) have also been observed using immunohistochemistry for CD11b (Holdridge et al., 2007; Hutchinson et al., 2009a; Agostini et al., 2010; Mattioli et al., 2010) and ionized calcium binding adaptor molecule-1 (Iba1) Horvath et al., 2010b; Zhou et al., 2010) and confirmed with Western (Mika et al., 2009) and mRNA analysis (Raghavendra et al., 2004a; Tawfik et al., 2005; Cao et al., 2010) . Again, significant regional heterogeneity was observed; morphine-induced decreases in CD11b expression were reported in the cornu ammonis of the hippocampus, nucleus accumbens, and substantia nigra, and no change was reported in the dorsal raphe nucleus and medial prefrontal cortex (Hutchinson et al., 2009a) . It is noteworthy that morphine-induced elevation in CD11b expression was observed in the dorsal spinal cord, rostral ventromedial medulla and periaqueductal gray (Raghavendra et al., 2004a; Hutchinson et al., 2009a) . Such opioid-induced adaptations, in both microglial and astrocytic reactive phenotypes, in these CNS locations indicate sensitivity of pain systems to central immune signaling alterations in opioid responses. It is noteworthy that nonclassic opioids, such as (ϩ)-morphine and morphine-3-glucuronide, are also capable of inducing similar microglial reactivity, as demonstrated by up-regulation of CD11b (Hutchinson et al., 2010a; Lewis et al., 2010) or other microglial activation markers such as TLR4 (Hutchinson et al., 2010a; Lewis et al., 2010) .
The mechanisms by which these opioid-induced microglial phenotypic changes occur have been characterized pharmacologically (see Fig. 4 for summary). As with opioid-induced GFAP elevations in astrocytes, they were found to involve ceramide synthase , sphingosine kinase (Muscoli et al., 2010) , P2X4 (Horvath et al., 2010b) , and P2X7 (Zhou et al., 2010) and were sensitive to naltrexone (Bokhari et al., 2009) , naloxone, and D-Phe-Cys-Tyr-D-Trp-Arg-Thr-Pen-Thr-NH 2 (Horvath and DeLeo, 2009 ). The microglial responses were also sensitive to general anti-inflammatory treatments such as ultra-low-dose naltrexone (Mattioli et al., 2010) , minocycline (Mika et al., 2009) , ibudilast (Hutchinson et al., 2009a) , pentoxifylline (Mika et al., 2009) , and propentofylline (Raghavendra et al., 2004a; Holdridge et al., 2007) . It is noteworthy that a recent report suggests a role for TLR2 in morphine-induced microglial reactivity, another nonclassic site for opioid action .
Increased microglial expression of other cell surface receptors such as CCR5 (Li et al., 2002; Bokhari et al., 2009 ), TLR2 , TLR4 (Hutchinson et al., 2008a) , P2X4 (Horvath and DeLeo, 2009) , and P2X7 (Zhou et al., 2010) have also been reported after opioid exposure. These opioid-induced adaptations in CNS-immune cell receptor expression are accompanied by profound changes in astrocyte and microglial cellular morphology (Holdridge et al., 2007) , with the total length of T astrocytes altered in a regional specific fashion (Lazriev et al., 2001) . Moreover, these preclinical data are confirmed by postmortem clinical evidence of opioid-induced microglial cell surface marker expression phenotypic reactivity (Weber et al., 2006) . Such changes in cell morphology are also accompanied by alterations in the blood-brain barrier permeability and hence tight gap junction protein expression and function (Weber et al., 2006) . These macrostructural changes have clear implications for drug and metabolite access into the CNS, as well as peripheral cell migration. Morphine alone (Mahajan et al., 2008) or morphine withdrawal (Sharma and Ali, 2006; Sharma et al., 2010) has been found to increase the leakiness of the blood-brain barrier, but this finding is not consistent in the literature (Mantz et al., 1993) .
3. Alterations in Non-Neuronal Cell Function in the Central Nervous System. Adaptations in other microglial and astrocyte functions have also been observed after opioid exposure. For example, phagocytosis in human microglia can be stimulated by morphine (Peterson et al., 1995; Lipovsky et al., 1998) , but responses in swine microglia are inhibited (Sowa et al., 1997) , demonstrating that microglial cells may be differentially influenced by animal species. In both examples, opioid receptors were concluded to be responsible for the effects using classic pharmacological antagonists (Peterson et al., 1995; Sowa et al., 1997; Lipovsky et al., 1998) .
Another gross CNS immune cell function altered by opioid exposure is that of chemotaxis. Early studies demonstrated that morphine was able to decrease microglial chemotaxis toward complement protein 5a and CCL5 (Hu et al., 2000) . Such inhibitory responses by at least CCL5 could be explained by heterologous desensitization of chemokine receptors by opioid receptors (Grimm et al., 1998; Rogers et al., 2000) . In contrast, microglial chemotaxis toward ATP was potentiated by morphine in a P2X4-dependent fashion (Horvath and DeLeo, 2009) , and morphine itself has been found to induce chemotaxis (Takayama and Ueda, 2005a) . These chemotactic responses were concluded to be induced by the classic opioid receptor (Takayama and Ueda, 2005a; Horvath and DeLeo, 2009 ) and Akt/ IP 3 pathways (Takayama and Ueda, 2005a; Horvath and DeLeo, 2009 ) (see Fig. 4 for summary) . The nociceptive and analgesic consequences of such cellular adaptations are more apparent for chemotaxis than for phagocytosis. Chemotactic recruitment of glia along an ATP concentration gradient toward nociceptive dorsal horn fibers has been hypothesized and may lead to increased presence of reactive glia at the tetrapartite synapse (Horvath and DeLeo, 2009; Horvath et al., 2010a) . However, the heterologous desensitization of chemokine receptors by opioids, and hence their chemotactic ability, would theoretically attenuate such recruitment. Obviously, further research is required to establish the im-pact of opioid-induced changes in chemotaxis on opioid analgesia.
4. Initiation of Non-Neuronal Cell Intracellular Signaling in the Central Nervous System. The ability to examine opioid-induced activation of general and specific intracellular signaling pathways, as well as the development of pharmacological or genetic interventions, has allowed the identification of several key signaling pathways in the non-neuronal cells of the CNS and the ensuing consequences of this signaling. The first to be examined was the opioid-induced modulation of stimulated cAMP levels. Opioids alone failed to induce a cAMP response, but and ␦ agonists were found to successfully inhibit both forskolin-induced (Eriksson et al., 1990) and prostaglandin E 1 -induced cAMP elevations (Eriksson et al., 1991) . It is noteworthy that in both cases, morphine failed to influence the cAMP response of glial cultures, demonstrating the lack of functional classic opioid receptors (Eriksson et al., 1990) . Opioidinduced calcium signaling within astrocytes was subsequently found to respond broadly to several Hansson et al., 2008) , Hansson et al., 2008) , and ␦ ( Thorlin et al., 1998b) opioid receptor agonists in a selective classic opioid receptor in an antagonist sensitive fashion.
In more recent times, one of the most prominently reported cascades influenced by opioid exposure is the MAPK pathway. The MAPK pathway comprises a collection of serine/threonine-specific protein kinases that are recruited by cell surface receptors and respond to extracellular stimuli and communicate this to elicit various cellular responses, such as gene expression. Three key kinases of this response system are p38, JNK, and ERK, the phosphorylation of which results in an active functional signaling complex (see Fig. 1 for summary) . Morphine causes phosphorylation of p38 within microglia (Cui et al., , 2008 Liu et al., 2006; Wang et al., 2009 Wang et al., , 2010a Agostini et al., 2010; Horvath et al., 2010a; Xie et al., 2010; Zhou et al., 2010) , in a P2X7- (Zhou et al., 2010) , calcitonin generegulated peptide (CGRP)- , and neuronal nitric oxide- (Liu et al., 2006) dependent fashion; this effect could be blocked by naloxone (Xie et al., 2010) and minocycline (Cui et al., 2008) . The opioid-selective ligand 2-(3,4-dichlorophenyl)-N-methyl-N-[(1R,2R)-2-pyrrolidin-1-ylcyclohexyl]acetamide (U50488) also causes p38 activation by a classic opioid receptor, which depends on arrestin 3 (Bruchas et al., 2006) and G-protein-coupled receptor kinase 3 . It is noteworthy that the nonopioid, dynorphin 2-17, has also been shown to induce p38 signaling independent of classic opioid receptor mechanisms (Svensson et al., 2005a ) (see Figs. 3, 4 , and 5 for summaries).
Likewise, morphine induces ERK activation in both microglia (Takayama and Ueda, 2005a; Horvath et al., 2010a) and astrocytes (Moulédous et al., 2004 ) that depends on MEK , CGRP , matrix metalloproteinase 9 (Liu et al., 2010b), NEUROIMMUNOPHARMACOLOGIC IMPLICATIONS FOR OPIOID ANALGESIA U pertussis toxin, calmodulin, ␤-arrestin 2 (Miyatake et al., 2009) , and IP 3 /Akt kinase (Takayama and Ueda, 2005a) ; this effect is also naloxone-sensitive (Takayama and Ueda, 2005a ) (see Figs. 3 and 4 for summary) . opioidselective activation of ERK in a ␤ arrestin 2 manner is also possible in astrocytes (McLennan et al., 2008) .
The role of JNK is less clear, in that it has been reported to be phosphorylated by morphine in astrocytes in a NDMA receptor-dependent fashion (Guo et al., 2009) , whereas others have reported it to be unaffected ). Parallel to the MAPK pathway is the IP 3 /Akt pathway, which is also activated by opioid exposure and seems to be involved in activation of microglial ERK (Takayama and Ueda, 2005a; Horvath and DeLeo, 2009 ). The Janus tyrosine kinase/signal transducer and activator of transcription pathway in astrocytes is also activated by opioid exposure in a CGRP-and MEKdependent fashion . The common downstream signaling consequence of these MAPK and related pathways is activation of NF-B. Morphine causes activation of NF-B within CNS non-neuronal cells in a fashion that depends on ceramide synthase , opioid receptor, p38, neuronal nitric oxide (Sawaya et al., 2009 ), calcium (El-Hage et al., 2008b , and CGRP .
The ceramide/sphingosine signaling system has recently been highlighted as participating in opioid-induced central immune signaling Muscoli et al., 2010) . Ceramide, ceramide synthase, and insoluble acid sphingomyelinase activity are all elevated after morphine Muscoli et al., 2010) . As reviewed in section III.C.5, it is clear that the parallel opioid-induced activation of several intracellular signaling systems outlined here is capable of substantial gene transcription and translation, which profoundly modifies neuronal responses to opioid analgesics. It is clear that classic opioid receptors are involved in some of these central immune signaling responses; however, as discussed below, a key role for nonclassic opioid sites has been for the most part overlooked.
5. Opioid-Induced Changes in Non-Neuronal Cells Contribute to the Extracellular Environment of the Central Nervous System. The culmination of the intracellular events reviewed above result in the release of a myriad of factors into the extracellular space in the CNS that can act on neuronal and non-neuronal cells alike (see Figs. 3 and 4 for summary) . Best known of the immune signaling proteins are the cytokines, especially the proinflammatory cytokines IL-1␤, IL-6, and TNF-␣, all of which show up-regulation of transcription, translation, and release after morphine administration. IL-1␤ is elevated by morphine (Johnston et al., 2004; Bokhari et al., 2009; Cao et al., 2010) , in a ceramide synthase- , sphingosine kinase- (Muscoli et al., 2010) , MEK-, and CGRP- ) dependent manner; this effect could be blocked by ibudilast (Hutchinson et al., 2009a ), propentofylline (Raghavendra et al., 2004a , and amitriptyline (Tai et al., 2006; Tai et al., 2009) , as well as by the blockade of TNF-␣ (etanercept) (Shen et al., 2011) . IL-6 elevation after morphine (Johnston et al., 2004; Dave and Khalili, 2010) is dependent on sphingosine kinase (Muscoli et al., 2010) , p38, CGRP , and TLR2 and could also be blocked by etanercept (Shen et al., 2011) , naltrexone (Bokhari et al., 2009) , amitriptyline (Tai et al., 2006; Tai et al., 2009) , and propentofylline (Raghavendra et al., 2004a) . Finally, morphine elevation of TNF-␣ (Johnston et al., 2004) is dependent on TLR2 , ceramide synthase , p38, and CGRP ) and is sensitive to amitriptyline (Tai et al., 2006; Tai et al., 2009 ), naltrexone (Bokhari et al., 2009) , naloxone, and ␤-funaltrexamine (Sawaya et al., 2009) . Other nonclassic opioid ligands such as (ϩ)-morphine, (ϩ)-methadone and morphine-3-glucuronide are also capable of inducing upregulation of IL-1␤, IL-6, and TNF-␣ (Hutchinson et al., 2010a; Lewis et al., 2010) , suggesting a possible role for nonclassic opioid pathways in inducing opioid proinflammatory responses.
Chemokines are also modulated by morphine exposure within the CNS, with significant attention paid to the role opioids play in modulating HIV-associated protein-induced chemokine expression (Sheng et al., 2003; El-Hage et al., 2006; Turchan-Cholewo et al., 2009 ). Opioid action alone has been demonstrated to decrease (Mahajan et al., 2005) or increase (Rock et al., 2006) CCL2, CCL3 (Mahajan et al., 2005) , CCL5 (Avdoshina et al., 2010) , CCL20 (Hutchinson et al., 2009a) , and CXCL1 (Hutchinson et al., 2009a) .
Opioid-activated non-neuronal cells release additional molecules to the extracellular space that contribute to CNS immune signaling, including elevated complement component C3 (Maranto et al., 2008) , nociceptin/orphanin FQ (Takayama and Ueda, 2005b) , 27-kDa heat shock protein (Suder et al., 2009) , prostaglandin E (resulting from transcriptional up-regulation of cyclooxygenase-1) (Hutchinson et al., 2008b) , and prostaglandin E synthase-1 . It is noteworthy that each of these opioid-induced events directs the CNS toward a proinflammatory reactive phenotype.
Finally, opioid exposure causes alterations in nonneuronal cell control over glutamate homeostasis (see Fig. 3 for summary) . It is noteworthy that altered glutamate homeostasis due to decreased glial glutamate transporter expression has been demonstrated in several CNS disturbances in which glia assume a reactive phenotype (Tilleux and Hermans, 2007) . Long-term morphine administration results in an elevation of cerebrospinal fluid levels of aspartate and glutamate (Wen et al., 2005; Tai et al., 2007; Wu et al., 2008) , most likely resulting from down-regulation of glial GLT-1 and GLAST glutamate transporters (Ozawa et al., 2001; Mao et al., 2002; Nakagawa and Satoh, 2004; Wen et al., V HUTCHINSON ET AL. 2005 Tai et al., 2006 Tai et al., , 2007 Lin et al., 2010a; Rawls et al., 2010) . This elevation of aspartate and glutamate seems to involve aquaporin 4 and is sensitive to coadministration with dexamethasone (Wen et al., 2005) , ceftriaxone (Rawls et al., 2010) , naloxone (Mao et al., 2002) , and amitriptyline (Tai et al., 2006 (Tai et al., , 2007 . In addition, the GLT-1 that is expressed exhibits reduced function owing to increased protein damage caused by morphine-induced nitration (Muscoli et al., 2007) . Such changes in glutamate expression have profound implications for neuroexcitability, including increased NMDA receptor signaling, as demonstrated by increased phosphorylation of the NR1 subunit (Lin et al., 2010a) . It is noteworthy that these changes could be blocked by ultra-low-dose naloxone, which induced antiinflammatory central immune signaling (discussed above) (Lin et al., 2010a) .
D. What Is the Impact of Proinflammatory Central Immune Signaling on Opioid Analgesia?
As reviewed in detail above, opioid exposure induces profound short-and long-term modulations of central immune signaling after opioid exposure. If opioid-induced central immune signaling alters direct opioid effects on dorsal horn neurons, the opioid-induced inhibition of ascending nociceptive transmission, and the modulation of descending inhibitory and/or excitatory pathways, then it could be expected to modify opioid analgesic pharmacodynamics. It is noteworthy that this hypothesis is not a new one, as it was postulated more than 20 years ago that central immune signaling might contribute to altered opioid response (Rönnbä ck and Hansson, 1988) . However, only in the past decade has the behavioral significance of this non-neuronal opioid action been grasped. Indeed, as discussed throughout section III.D, opioid-induced central immune signaling is reported to detrimentally affect every aspect of the pharmacodynamics of opioid analgesic action.
The realization of new players in opioid analgesia is a major development in opioid pharmacology and thus has been the focus of several excellent recent reviews (Mika, 2008; Romero-Sandoval et al., 2008; Ueda and Ueda, 2009; Watkins et al., 2009; Ji, 2010; O'Callaghan and Miller, 2010; White and Wilson, 2010; Sweitzer and De Leo, 2011) . Here, we will highlight and extend previous reviews to discuss the evidence that acute opioid analgesia is substantially modified by the rapid opioid-induced initiation of central immune signaling and that upon repeated opioid exposure, continued central immune signaling leads to analgesic tolerance and enhanced pain states.
1. Acute Opioid Analgesia and Central Immune Signaling. For the hypothesis that central immune signaling affects acute opioid analgesia to hold true, it is expected that pharmacological and/or genetic manipulations of central immune signaling pathways would lead to changes in analgesic potency and possibly even efficacy. Examples of such effects are evident in the literature but not always observed consistently (Fairbanks and Wilcox, 2000) . Acute systemic and intrathecal morphine analgesia is potentiated by the blockade of the key inflammatory cytokine IL-1␤, using exogenous IL-1ra (Johnston et al., 2004; Shavit et al., 2005b; Hutchinson et al., 2008a) . These results have been confirmed using three separate genetically modified strains: a transgenic knock-in of IL-1ra such that IL-1ra is overexpressed; IL-1 receptor knockout leaving IL-1␤ without its cognate receptor; and IL-1 receptor accessory protein knockout rendering an IL-1 receptor signal mute because of the lack of an intracellular link to the associated Toll/IL-1 receptor signaling cascade (Shavit et al., 2005b) . In each case, morphine analgesia was significantly potentiated and prolonged (Shavit et al., 2005b) . The quantitative decrease in morphine analgesic potency caused by the acute induction of IL-1␤ signaling is nearly 8-fold, as evidenced by a profound leftward shift in the morphine dose response (Hutchinson et al., 2008a) . The IL-1␤-induced premature curtailing of the full analgesic potential of an acute dose of morphine is evidenced by the ability of IL-1ra to unmask continuing opioid analgesia when given after the normal analgesic response has returned to predrug baseline (Shavit et al., 2005b; Hutchinson et al., 2008a) .
This antiopioid analgesic central immune signaling response is not limited to IL-1␤, as unmasking and/or potentiation of morphine analgesia is also observed by blocking the action of IL-6, TNF-␣, or CX3CL1 (Johnston et al., 2004; Hutchinson et al., 2008a) . Similar effects can be produced using less-specific pharmacological tools such as minocycline (Hutchinson et al., 2008b) or ibudilast (Hutchinson et al., 2009a; Lilius et al., 2009 ). Attenuation of glial activation with ibudilast resulted in a 5-fold leftward shift in analgesic potency (Hutchinson et al., 2009a) . This induction of antianalgesic central immune signaling is not a phenomenon limited to morphine alone, because oxycodone analgesia was also potentiated 3-fold by ibudilast (Hutchinson et al., 2009a) . Activation of endogenous anti-inflammatory systems, such as that elicited by elevations of IL-10, was also capable of potentiating acute morphine analgesia (Johnston et al., 2004) . Thus, acute opioid-induced proinflammatory central immune signaling can be pharmacologically modified to enhance acute opioid analgesia.
To date, repeated attempts to quantify short-term transcriptional and/or translational events of these proinflammatory central immune signals, after acute in vivo opioid administration have failed (Johnston et al., 2004; Hutchinson et al., 2008a) : despite the demonstration by several in vitro studies and organotypic culture techniques of clear induction of central immune signaling responses (Johnston et al., 2004; Hutchinson et al., 2008a) . However, as previously discussed, the cytokine receptors and their cytokine ligands exhibit high affinity and potency, thus very low molar quantities of opioid-NEUROIMMUNOPHARMACOLOGIC IMPLICATIONS FOR OPIOID ANALGESIA W induced cytokine release can potentially cause a biological effect, at levels undetectable by current quantification techniques. Moreover, it is possible that these shortterm effects result from the activation of stored immature protein and therefore do not require transcription and translation.
The signaling pathways that mediate this acute opposition of opioid analgesia involve, at minimum, p38 and nitric oxide (Hutchinson et al., 2008a) . As discussed above, evidence suggests both classic and nonclassic opioid receptor involvement in the induction of such central immune signals. Therefore, it is specifically important to examine the classic opioid nature of these acute opioid responses. For a response to be mediated by a classic opioid receptor, the response must be stereoselective [i.e., mediated only by the (Ϫ)-isomers of opioid agonists and antagonists]. Therefore, if the response to an (Ϫ)isomer were modified by a (ϩ)-isomer, this would indicate a possible role for a nonclassic opioid receptor. Indeed, this is the case. Acute morphine analgesia is potentiated by coadministration of the opioid inactive (ϩ)-isomer of either naloxone or naltrexone, but not (ϩ)-nalmefene, implicating a ligand-selective, nonclassic opioid site(s) of action in initiating central immune signaling that attenuates the full analgesic potential of acute morphine (Hutchinson et al., 2010c) . The identity of this site(s) continues to be the center of ongoing research, with recent efforts direct at the Toll-like receptors.
In vitro, transfected human cell line data demonstrate that (ϩ)-naloxone and (ϩ)-naltrexone, but not (ϩ)nalmefene, are able to noncompetitively inhibit either (Ϫ)-morphine-or LPS-induced activation of TLR4-dependent NF-B signaling (Hutchinson et al., 2010c) , thereby agreeing with the in vivo data of ligand selectivity (Hutchinson et al., 2010c) . Moreover, it is apparent that a wide range of 4,5-epoxymorphinans and fully synthetic opioid analgesics possess TLR4 agonist activity, including opioid inactive stereoisomers and longlived opioid inactive metabolites, such as morphine-3glucuronide, which explains their hitherto unknown ability to amplify pain while lacking a neuronal site of action (Hutchinson et al., 2010c; Lewis et al., 2010) . In silico, docking simulations suggest this nonclassic binding interaction may reside in the LPS binding cleft of the Toll-like receptor accessory protein MD-2, showing that (ϩ)-naloxone docking in silico is capable of competitively antagonizing the opioid agonist docking (Hutchinson et al., 2010a,b ,c) (see Figs. 6 and 7) .
The hypothesis of opioid-induced TLR4 signaling is further supported by the potentiation of acute morphine analgesia after blockade of TLR4 activity by 1) coadministration of competitive TLR4 inhibitors with nonsignaling mutant LPS antagonists (e.g., LPS-RS), 2) peptide inhibition of the key TLR4 accessory molecule toll-interleukin 1 receptor domain-containing adaptor protein, 3) genetic knockout of TLR4 (Hutchinson et al., 2010c) , or 4) by the pharmacological blockade of the 90-kDa heat shock protein, which is critical for TLR4 trafficking (Hutchinson et al., 2009b ) (see Fig. 1 for summary) . (Ϫ)-Morphine-induced TLR4 signaling opposes acute (Ϫ)-morphine analgesic potency by nearly 3-fold, as evidenced by dose-response analysis (Hutchinson et al., 2010c) . Further supporting this TLR4 hypothesis is the FIG. 6. In silico MD2 docking of opioid ligands predicts in vitro TLR4 signaling activity. A, Hutchinson et al. (2010c) examined the in silico docking results of several opioid ligands to human MD2. These results were used to build an in silico docking to in vitro TLR4 signaling response prediction model (gray circles). This was subsequently tested on seven opioid and three nonopioid ligands, with the predicted (open squares) and actual (closed squares) in vitro scores displayed. The data indicate that the simulated interactions of these ligands with MD2 represented an excellent predictor of in vitro TLR4 signaling activity. It is noteworthy that in this case, not only the efficacy but also the direction of response (agonist versus antagonist) was modeled. B, Hutchinson et al. (2010c) X use of MyD88 knockout mice that would render a Toll/ interleukin-1 receptor signal mute. Knockout of MyD88 significantly enhances short-term morphine analgesia (Hutchinson et al., 2010b) . Moreover, (ϩ)-naloxone and minocycline, which potentiate acute morphine analgesia in wild-type mice and rats, fail to provide potentiation of analgesia in TLR4 knockout mice, demonstrating the specificity and selectivity of these TLR4-and glial-targeted treatments (Hutchinson et al., 2010c) . Additional compounds shown to have TLR4 inhibitory properties, such as certain tricyclics, have also demonstrated significant three-way correlations between their in vitro TLR4 inhibitory potency, with in vivo potentiation of acute morphine analgesia, which also correlates highly with the in silico docking simulation results (Hutchinson et al., 2010b) . The selectivity of amitriptyline was examined in vivo using TLR4 or MyD88 knockout strains and was found to potentiate morphine analgesia only in wildtype mice but not the knockout strains (Hutchinson et al., 2010b) . Collectively, these data suggest that opposition of opioid analgesia by acute central immune signaling is initiated, at least in part, by an opioid-induced TLR4 response.
2. Naive Opioid Tolerance/Opioid-Antianalgesia and Central Immune Signaling. Given that opioid analgesia is profoundly modified by acute opioid-induced central immune signaling, it stands to reason that already established changes in proinflammatory central immune signaling, produced by nonopioid factors may also modify opioid analgesic potency, producing a state akin to "naive tolerance." Such evidence exists in the literature and has sometimes been referred to as antianalgesia. Once again, IL-1␤ and innate immune receptors, such as TLR4, are key participants in mediating such a response. The role for IL-1␤-induced naive tolerance was established by Shavit et al. (2005b) and Gul et al. (2000) , who demonstrated that administration of exogenous IL-1␤ was sufficient to oppose acute morphine analgesia in an IL-1ra-sensitive fashion (Shavit et al., 2005b) .
Treatments that specifically induced a TLR4-dependent central immune signaling response, such as LPS administration, also resulted in attenuation of acute morphine analgesia (Johnston and Westbrook, 2005; Wu et al., 2006a) ; and this effect could be blocked by (ϩ)naloxone and (Ϫ)-naloxone (Wu et al., 2006a) , MK801 (Johnston and Westbrook, 2005) , and the astrocyte inhibitor fluorocitrate (Johnston and Westbrook, 2005) . Prior administration of nonclassic opioid agonists, such as (ϩ)-morphine, was also capable of inducing naive tolerance (Takagi et al., 1960; Wu et al., 2005) , in a p38- (Wu et al., 2006b ) and glial-(propentofylline) dependent fashion. It is noteworthy that crosssensitivity of the response was also observed, as (ϩ)-and (Ϫ)-morphine-induced naive tolerance were sensitive to either (ϩ)-or (Ϫ)-naloxone (Wu et al., , 2006a . These results suggest that naive tolerance can be induced by TLR4-dependent activation of central immune signaling, which via p38-dependent mechanisms induces IL-1␤ release. This IL-1␤ release would then result in enhanced neuroexcitability via well characterized IL-1␤ actions, including up-regulation of NMDA and calcium-permeable AMPA receptor membrane expression, up-regulation of NMDA phosphorylation, and upregulation of NMDA NR1 subunit expression as reviewed above, collectively contributing to opposition of acute morphine analgesia (see Fig. 5 for summary) .
A parallel and/or downstream mechanism by which acute morphine analgesia can be attenuated is via heterologous desensitization of opioid receptors, as discussed earlier. Administration of the chemokines CCL5 (binding to CCR1), CXCL12 (binding to CXCR4) (Szabo et al., 2002; Chen et al., 2007b) , and CX3CL1 (binding to CX3CR1) (Chen et al., 2007a) into the periaqueductal gray area significantly attenuated acute opioid analgesia. In addition, electrophysiology studies in single neurons have reported decreased opioid action after exposure to CCL2, CCL3, CCL5, or CXCL8 chemokines (Zhang et al., 2004) . Whether the chemokine actions noted above are directly mediated by neurons, or by acting on nearby glia to induce release of IL-1␤, for example, remains unknown. Either way, such modulation of opioid receptor function resulting from central immune signaling can also profoundly affect acute opioid analgesic efficacy (see Fig. 5 for summary).
Pathological conditions associated with priming of central immune signaling in the principal nociceptive centers of the CNS are also susceptible to naive opioid tolerance via similar mechanisms. As discussed above, chronic pain states result in the elevation of the same central immune signaling pathways outlined here, undesirably opposing acute opioid analgesia. It is clear that in animal studies of neuropathic pain, opioids show significantly reduced acute analgesic potency (Raghavendra et al., 2002; Raghavendra et al., 2003b; Narita et al., 2004a; Tawfik et al., 2005; Mika et al., 2007; Mika et al., 2009 ). Central immune signaling and glia contribute FIG. 7 . Computer modeling of opioid interaction with the dimerized TLR4-MD2 complex. In silico docking of (Ϫ)-morphine (black stick and ball) to the 3D crystalline structure of the human MD2 (dark gray) and TLR4 (light) complex (Protein Data Bank ID 3FXI) demonstrates that the preferred docking location of (Ϫ)-morphine is to the LPS binding domain of MD2.
NEUROIMMUNOPHARMACOLOGIC IMPLICATIONS FOR OPIOID ANALGESIA Y significantly to this, because blockade of IL-1␤, TNF-␣, and IL-6 (Raghavendra et al., 2002) or administration of minocycline, propentofylline, or pentoxifylline was able to reinstate acute opioid analgesic potency (Raghavendra et al., 2002 (Raghavendra et al., , 2003b Mika et al., 2007 Mika et al., , 2009 .
Other pathological conditions also implicate central immune signaling in altered acute opioid response. There is mounting evidence for surveillance of the CNS by peripheral immune cells, resulting in significant central immune signaling. For example, Grace et al. (2011) have reported that transfer of splenocytes from a donor with nerve injury-induced allodynia to a recipient animal is sufficient to produce significant allodynia. Moreover, this transfer increased CNS immune cell trafficking to the dorsal spinal cord by apparent effector cells capable of instating enhanced pain. A similar conclusion could be drawn for the reduced antinociceptive effect of morphine in diabetic mice (Kamei et al., 1992 (Kamei et al., , 1993 Gul et al., 2000) . In these animals, splenectomy restored morphine analgesia, whereas transfer of splenocytes from diabetic mice to healthy control mice produces an opioid nonresponsive animal (Kamei et al., 1992) . Similar results were found in the morphine-tolerant Beige-J mouse strain, including adoptive transfer of tolerance with splenocytes (Raffa et al., 1988; Kimball and Raffa, 1989) . It is noteworthy that the response in diabetic mice was dependent on elevated levels of IL-1␤ (Gul et al., 2000) . Therefore, modifications in peripheral immunology may lead to changes in CNS trafficking and cause adaptations in central immune signaling that are sufficient to produce behavioral changes.
Central immune signaling can act to opose short-term opioid analgesia in several anatomical locations. Intrathecal administration (Raghavendra et al., 2002) and heterologous desensitization (Zhang et al., 2004) studies demonstrate that central immune signaling at the levels of the dorsal spinal cord and/or the dorsal root ganglion can oppose acute opioid analgesia. Brain areas such as the periaqueductal gray are also involved in this effect (Chen et al., 2007a,b; Szabo et al., 2002) . Finally, whether central immune signaling in the rostral ventromedial medulla can also attenuate acute opioid analgesia remains to be definitively tested. However, if the hypotheses and mechanisms developed in other key nociceptive centers hold true, then recent evidence of central immune signaling in the rostral ventromedial medulla in neuropathic pain (Wei et al., 2008) and after long-term morphine administration (Hutchinson et al., 2009a) would suggest that descending facilitation of pronociceptive antianalgesic mechanisms would also oppose acute opioid analgesia. Therefore, it seems likely that acute opioid analgesia is susceptible to the ongoing pathology of clinically relevant disease states.
Finally, environmental and/or genetic influences that alter central immune signaling may also contribute to altered acute opioid analgesia. For example, single-nucleotide polymorphisms in the genes encoding IL-6 (Reyes-Gibby et al., 2008) or IL-1ra (Bessler et al., 2006) , which are associated with increased proinflammation, lead to increased opioid requirements after surgery, suggesting a possibly reduced opioid analgesic efficacy combined with or separate from increased pain. Therefore, central immune signaling may be a previously unrecognized variable that contributes substantially to heterogeneity in acute opioid analgesic responses.
3. Tolerance to Opioid Analgesics and Central Immune Signaling. After repeated opioid exposure, significant decrease in opioid analgesia occurs as a result of several parallel and sequential adaptations, some of which involve opioid-induced central immune signaling. It is important to articulate that, even under opioidtolerant states, opioid analgesia still results from the combined effects of opioid, including direct opioid effects on dorsal horn neurons, the opioid-induced inhibition of ascending nociceptive transmission, and the modulation of descending inhibitory and/or excitatory pathways, albeit with decreased analgesic output. Therefore, as with acute opioid analgesia, similar alterations in central immune signaling in the periaqueductal gray, rostral ventromedial medulla, or dorsal root ganglia have the potential to lead to opioid tolerance. To date, however, the majority of the preclinical research on the contribution of opioid-induced immune signaling to opioid tolerance has focused at the level of the dorsal spinal cord.
Although central immune signaling had been postulated to be involved in opioid tolerance for several decades (Rönnbä ck and Hansson, 1988) , it was not until the dawn of this millennium that Fairbanks and Wilcox (2000) first implicated spinal proinflammatory immune signaling in opioid tolerance. It is noteworthy that this response was compared with that observed after dynorphin exposure, which had also recently been found to involve proinflammatory non-opioid-mediated central immune signaling (Laughlin et al., 1997 (Laughlin et al., , 2000 . It is noteworthy that this research established that central immune signaling was also involved in the cross-tolerance to different opioids (Fairbanks and Wilcox, 2000) . Soon afterward, Song and Zhao (2001) implicated opioidinduced glial reactivity as critical to morphine tolerance. These studies triggered a profound shift in opioid tolerance research to include a central immune signaling hypothesis as part of the several systems involved in decreased analgesia.
It is clear from the preclinical literature than opioid tolerance involves several aspects of central immune signaling, because tolerance can be prevented, attenuated, and/or reversed by blockade of the action or formation of the proinflammatory cytokines IL-1␤, TNF-␣, and/or IL-6 (Raghavendra et al., 2002; Shavit et al., 2005a; Hutchinson et al., 2008a; Shen et al., 2011) or chemokines such as CX3CL1 (Johnston et al., 2004) ; inhibition of MEK activity (and hence blockade of ERK activation) ; selective reductions in microglial p38 or JNK Z activation (Guo et al., 2009) ; decreased P2X4 (Horvath et al., 2010b) or P2X7 signaling (Zhou et al., 2010) ; reduced ceramide/sphingosine signaling Muscoli et al., 2010) ; inhibition of matrix metalloproteinase 9 (Liu et al., 2010b) ; nitric oxide and related superoxide protein damage (Muscoli et al., 2007; Batinić-Haberle et al., 2009) ; or by general anti-inflammatory treatments such as IL-10 (Johnston et al., 2004) , fluorocitrate (Song and Zhao, 2001) , minocycline (Mika et al., 2007; Cui et al., 2008; Mika et al., 2009 ), pentoxifylline (Mika et al., 2007) , propentofylline (Raghavendra et al., 2003b; Raghavendra et al., 2004a) , ibudilast (Ledeboer et al., 2006a; Lilius et al., 2009) , and, interestingly, also by ultra-low-dose naloxone, which acts via elevations of IL-10 expression (Lin et al., 2010b) . It is noteworthy that blockade of TLR4 using (ϩ)-naloxone also attenuates the development of morphine tolerance, suggesting that one of the initiating triggers of opioid tolerance is direct activation of TLR4 signaling by opioids (Hutchinson et al., 2010c) .
Another critical modulation in glial function related to opioid-induced central immune signaling that contributes to the development of tolerance is down-regulation of glial GLT-1 and GLAST glutamate transporters (Ozawa et al., 2001; Mao et al., 2002; Nakagawa and Satoh, 2004; Wen et al., 2005; Tai et al., 2006 Tai et al., , 2007 Wu et al., 2008; Lin et al., 2010a; Rawls et al., 2010) . The effects of such down-regulation are blocked by coadministration of any of the following substances: synthetic glucocorticoid dexamethasone (Wen et al., 2005) ; the glutamate transporter up-regulator ceftriaxone (Rawls et al., 2010) ; (Ϫ)-naloxone (Mao et al., 2002) ; ultra-lowdose naloxone (Lin et al., 2010a) ; or amitriptyline, which produces its effect via induction of IL-10 expression and hence indirect induction of an anti-inflammatory response (Tai et al., 2006 (Tai et al., , 2007 . In addition to these pharmacological treatments that restore glutamate transporter homeostasis, tolerance can also be reduced by the NMDA receptor antagonist dizocilpine maleate (MK801) (Wen et al., 2008; Guo et al., 2009) , which can in turn reduce the opioid-induced reactivity of astrocytes (Wen et al., 2008) . Therefore, the activation of central immune signaling that contributes to morphine tolerance is somewhat cyclical, and interventions at multiple points can act to reduce opioid tolerance. Collectively, these central immune signaling events result in increased neuroexcitability, which counter-regulates opioid analgesia.
Several aspects of central immune events seem to depend on neuronal adaptations that initiate, contribute, and/or maintain the activation of central immune signaling. Neuronal nitric-oxide synthase (leading to p38 activation) (Liu et al., 2006) elevates neuronal CGRP which, in turn, leads to elevations in IL-1␤, TNF-␣, IL-6, prostaglandin E synthase-1, NMDA receptor subunit expression, and activation of ERK, signal transducer and activator of transcription 3, p38, and NF-B ; neuronal NMDA receptor subunit expression favored for neuroexcitability (Guo et al., 2009; Lin et al., 2010a; Wang et al., 2010a) ; neuronal protein kinase C␥ expression (leading to astrocyte reactivity) (Narita et al., 2004b; Lin et al., 2010a) ; and cAMP response element-binding and calmodulin-dependent protein kinase II activation ) (see Figs. 3-5 for summaries). Each can contribute to some aspects of central immune signaling and the development of tolerance. In vitro and in vivo data seem to indicate that both opioid-neuron-glial and opioid-glial-neuron signaling can occur, as well as parallel opioid-neuronal adaptations that decrease continued neuronal responses to continued opioids combined with opioid-glial adaptations that increase continued glial responses to continued opioids. Adding an additional layer of complexity is whether the opioid action is mediated by classic and/or nonclassic opioid receptors at both neuronal and glial sites, given the evidence of (ϩ)-isomer activity and the implied role of TLR4. The role of CGRP was suggested by Wang et al. (2009 Wang et al. ( , 2010a to be a direct action on neurons and non-neuronal cells alike. However, Liu et al. (2010b) proposed that morphineinduced neuronal elevations of CGRP are dependent on neuronal matrix metalloproteinase 9 activity, the associated morphine-induced astrocyte GFAP up-regulation also being dependent on matrix metalloproteinase 9. This suggests, therefore, that additional neuron-to-glial signals, such as CX3CL1, are required for non-neuronal cell proinflammatory reactivity. Further complicating the mechanism are the apparent temporal adaptations that occur during the development of tolerance leading to feed-forward effects of signals, such as amplified NMDA receptor signaling. These questions will continue to be answered by ongoing research investigating the critical role played by central immune signaling in opioid tolerance.
Finally, the evidence of increased rates of opioid tolerance development in neuropathic pain states has been examined and found to involve an opioid-induced increase in central immune signaling (Raghavendra et al., 2002 (Raghavendra et al., , 2003b Narita et al., 2004a; Tawfik et al., 2005; Mika et al., 2007 Mika et al., , 2009 . In a fashion similar to that described above for naive tolerance, basal and/or primed central immune signaling leads to a more rapid and/or greater response via the mechanisms outlined above, leading to a faster counter-regulation of opioid analgesia and hence a reduced efficacy in pain management.
4. Hyperalgesia and Allodynia Induced by Opioids and Central Immune Signaling. Central immune signaling and the associated neuronal dysfunction are key participants and mediators of chronic pain conditions (Milligan and Watkins, 2009 ). Likewise, after opioid exposure, when the pronociceptive mechanisms, including central immune signaling, outweigh the combined antinociceptive actions, a concerning exaggerated pain state is observed, presenting itself as allodynia and/or hyper-NEUROIMMUNOPHARMACOLOGIC IMPLICATIONS FOR OPIOID ANALGESIA AA algesia reported in several disparate patient populations (Doverty et al., 2001; Angst and Clark, 2006; Pud et al., 2006; Singla et al., 2007; Hay et al., 2009 Hay et al., , 2010 . Proinflammatory central immune signaling (Johnston et al., 2004; Hutchinson et al., 2008a; White and Wilson, 2010) induced by glial reactivity (Raghavendra et al., 2004a; Agostini et al., 2010) , causing alterations in glutamate homeostasis (Mao et al., 2002; Ramos et al., 2010) and heterologous desensitization (White and Wilson, 2010) , are implicated in this response as well as several other key neuronal adaptations (Ossipov et al., 2004 . It is noteworthy that the temporal association of the heightened pain in relationship to the last opioid administration is crucial, because both opioid withdrawal and classic opioid-induced pain states are reported.
If the same mechanisms are involved in naive tolerance as in tolerance induced by long-term opioid exposure, then both classic and nonclassic opioid-mediated pain systems are likely. The evidence for neuronal adaptations has been reviewed widely, indicating involvement of classic opioid responses (Ossipov et al., 2004 . However, as discussed earlier, there is also evidence for nonclassic opioid-induced pain states (Juni et al., 2007; Waxman et al., 2009) , with TLR4 serving as an initiating receptor, as indicated by the use of opioid inactive isomers and pharmacological TLR4 inhibition (Hutchinson et al., 2010a,c; Lewis et al., 2010) .
Also key to these nonclassic mechanisms of opioidinduced pain are the apparent metabolic bioactivation of opioids into ligands capable of initiating central immune signaling and the opioid-induced up-regulation of pronociceptive systems that mediate their effect by central immune signaling . After administration, morphine is converted into various metabolites, one of which is morphine-3-glucuronide, the opioid-inactive metabolite that is capable of inducing neuroexcitability and pain (Yaksh et al., 1986) . Examination of its central immune signaling properties demonstrates that it is capable of inducing glial reactivity, nitric oxide formation, and proinflammatory cytokine release in a TLR4-dependent fashion, leading to the development of hyperalgesia and allodynia (Komatsu et al., 2009; Hutchinson et al., 2010a,c; Lewis et al., 2010) . Likewise, dynorphin expression is induced by opioid exposure (Agostini et al., 2010) and is associated with exaggerated pain states, albeit via a non classic opioiddependent mechanism (Laughlin et al., 1997) . Svensson et al. (2005a) demonstrated that the opioid-inactive metabolite dynorphin 2-17 caused microglial activation and elevated prostaglandin production, thereby providing an additional link to its pronociceptive actions and a possible link to opioid-induced pain. In this fashion, the underlying mechanisms of the allodynia induced by morphine-3-glucuronide and dynorphin are very similar to those proposed for the initiation of neuropathic pain by endogenous danger signals, providing an intriguing clo-sure to the mechanistic loop of neuropathic pain, naive tolerance and long-term opioid tolerance.
IV. Unifying the Neuronal and Central Immune Signaling Opioid Hypotheses
The aim of opioid research at every level, from the lab bench to the clinic, from neuroscience to pharmacogenomics, is to better understand the beneficial and adverse actions of opioids and how they occur, with the ultimate goal of improving patient care, in terms of both analgesic efficacy and drug safety. It is apparent that the research of opioid pharmacology and opioid neuroscience is now complemented by the exciting discoveries indicating the importance of central immune signaling. Our understanding of opioid-induced central immune signaling can contribute to the wealth of knowledge of opioid actions at several broad levels: discernment of opioid action in disease where central immune signaling contributes to the pathological condition; appreciation of the significance presented by the nonclassic opioid actions of opioids; identification of novel systems that may contribute to adverse events or side effects of other therapies; and identification of new pharmacological targets and/or therapies for disease. In light of the research reviewed here, a discussion of these topics in more specific terms follows.
A. How Does Opioid-Induced Central Immune Signaling Integrate with the Wealth of Neuronal Opioid Knowledge?
Central immune signaling cannot be thought of as a parallel system separate from that of neuronal synaptic transmission and neuronal communication. These two systems are intertwined in a complex fashion that has yet to be fully appreciated (Adler and Rogers, 2005) . Therefore, opioid action in a mixed cell network, such as that found in vivo, can no longer be viewed in terms of neuronal functioning alone but rather as the composite result of both neuronal and central immune signaling events reviewed above. After opioid exposure, both classic and nonclassic opioid receptors are engaged in neuronal and non-neuronal cells. Basal central immune signaling is able to counter the analgesic action of opioid agonists, and together with basal variability in neuronal opioid systems, this leads to significant heterogeneity in acute opioid analgesia. In some cases, this heterogeneity is so profound that there is a complete lack of an analgesic response, hence naive tolerance. If an opioid agonist is administered in a condition in which central immune signaling is active or the machinery for such activity is primed as found in neuropathic pain, for example, attenuated opioid analgesia can be expected, owing in part to the neuronal consequences of central immune signaling.
After repeated opioid administration, both neuronal and central immune signaling adaptations occur simul-AB taneously, in a feed-forward fashion. This creates, in multiple CNS regions, an environment in which opioid agonists lose their analgesic efficacy, hence contributing to opioid tolerance. If adaptations in neuronal and central immune signaling processes become so pronociceptive, even the actions induced by an opioid agonist through classic opioid receptors can no longer achieve sufficient antinociceptive effect to overcome this counter-regulating signaling. This leads to the presentation of opioid-induced hyperalgesia and allodynia. Therefore, the transition from the benefits of short-term opioid analgesics to the detrimental opioid-induced atypical pain states can be thought of as a response continuum, engaging neuronal and central immune signaling systems to varying degrees at different stages to elicit these pharmacodynamic diverse responses. The mechanisms of opioid-induced enhanced pain states are very similar to those operating in neuropathic pain states. Thus, the understanding of this unifying hypothesis provides excellent opportunities to capture advances made, mostly in preclinical studies, in both the neuroscience and pharmacology fields. However, if correct, such a hypothesis raises significant concerns regarding the ever-increasing use of long-term opioid therapy for chronic pain states. This is because the two systems influence each other and consequently may offer only a short-term symptomatic pain relief while in the long-term exacerbating the neuronal and central immune signaling disturbances underlying the condition.
B. Why Is Toll/Interleukin-1 Receptor Signaling Pivotal to Opioid-Induced Central Immune Signaling?
The mechanism(s) by which opioid-induced signaling is initiated has been assumed, and in some cases shown, to involve classic opioid receptors. However, it is noteworthy, as reviewed and highlighted here, that such a conclusion has sometimes been drawn based on the effects of antagonists now known to block TLR4 signaling in addition to blocking opioid receptors. Hence such a conclusion is tenuous until validated with antagonists truly selective for classic opioid receptors and/or until the nonclassic opioid receptor involvement is directly examined. There is now substantial evidence to demonstrate that central immune signaling can also be induced by nonclassic opioid receptor mechanisms. As discussed previously and reviewed here, Toll-like receptors are one such promising type of nonclassic opioid receptor that may trigger central immune signaling. Signaling via the Toll/IL-1 receptor pathway initiates profound opioid-induced proinflammatory signals that contribute to the pharmacodynamic actions of opioids.
Despite genetic knockout studies demonstrating the profound influence of Toll/IL-1 receptor signaling on opioid actions Hutchinson et al., 2010b,c; , such opioid-TLR responses are not always consistent (El Ghazi et al., 2010) . Moreover, why has this TLR activity of opioids not been observed until now? The simple answer may be that perhaps the TLR activity of opioid was observed, even in the first studies using the stereoisomers of morphine, but that such observations have been overlooked. As previously discussed and reviewed here in detail, the nonclassic opioid sites described by others might be attributed in part to TLRs. It is very likely that other novel locations of opioid activity, beyond the TLRs, also exist.
Other explanations for this lack of discovery of TLR opioid activity may be found in the in silico docking data that implicates the soluble TLR accessory protein MD-2 as the computationally preferred docking site (Hutchinson et al., 2010c) (see Fig. 7 ). In vitro culture conditions may not consistently contain such a critical soluble component of the signaling system, resulting in substantial rightward shifts in TLR signaling potency for even classic TLR ligands such as LPS (Hutchinson et al., 2010c) . Indeed, given that MD-2 is a soluble protein, rather than membrane-bound, the interaction of opioids with MD-2 may have been missed by the methods traditionally used for defining receptor binding. Moreover, the control parameters of all but a few studies were designed to eliminate the nonstereoselective binding and examine only the classic opioid sites, thus overlooking further characterization of these critical receptors.
Another explanation may lie in the heterologous desensitization literature, where opioid action at classic opioid receptors desensitizes chemokine receptor signaling, such as that of CXCR4. It is noteworthy that CXCR4 can colocate with TLR receptors, including TLR2 and TLR4 (Hajishengallis et al., 2008; Triantafilou et al., 2008) and has been attributed to profoundly modify TLR signaling. Therefore, opioid action at classic opioid receptors may also act to modify TLR signaling, whenever TLRs, CXCR4, and opioid receptors are expressed by the same cell. In addition, such an interaction may occur via common scaffolding proteins that are shared across the multiple receptor classes and perhaps may explain the actions of ultra-low-dose naloxone/naltrexone at filamin A , and the actions of a new compound, PTI-609 [discussed in section IV.C (Barbier et al., 2010; Burns and Wang, 2010) ]. Future research on the complex receptor signaling requirements and cross-talk are needed to determine to what extent such interactions occur.
Given that both TLR4 and IL-1␤, via Toll/IL-1 receptor signaling, have been implicated in enhanced nociception after opioid exposure and in neuropathic pain, this signaling pathway provides a common link between the two conditions. Moreover, this signaling pathway also provides a common initiating trigger to the central immune signaling associated with long-term opioid exposure and chronic pain, considering, respectively, the hypothesized opioid-TLR4 and endogenous danger signal-TLR4 relationships. This is not to say that all neuronal adaptations associated with long-term opioid exposure or neuropathic pain depend on Toll/IL-1 receptor NEUROIMMUNOPHARMACOLOGIC IMPLICATIONS FOR OPIOID ANALGESIA AC signaling; rather, they are complemented and possibly facilitated by this system. Therefore, significant attention should be paid to the role of Toll/IL-1 receptor signaling when examining opioid pharmacodynamics.
C. What Are the Opportunities Provided by Pharmacological Targeting of Central Immune
Signaling to Improve Opioid Analgesia?
Optimal patient analgesia with a few adverse or unwanted side effects should be the utmost goal. Therefore, if a physiological system is found to contribute to the unwanted adverse and/or side effects of a drug, then steps should be taken to minimize such actions. For opioids, based on preclinical evidence, central immune signaling is now a recognized contributor. Although not discussed here, other adverse actions of opioids, such as respiratory depression, addiction, and dependence are also associated with induction of central immune signaling (Hutchinson et al., 2007 (Hutchinson et al., , 2008b (Hutchinson et al., , 2009a (Hutchinson et al., , 2010c Bland et al., 2009; . Thus, to maintain the beneficial use of opioids, measures to minimize central immune signaling must be taken. For example, the clinical formulation of racemic methadone contains both the opioid-active and opioid-inactive isomers, for economic rather than clinical efficacy reasons. However, both isomers have demonstrated central immune signaling capacity. In this case, the long-term clinical consequence of apparently unnecessarily exposing the CNS to (ϩ)methadone needs to be considered.
Current preclinical data suggest that the analgesic efficacy of existing opioid formulations could be improved by coadministration with general glial attenuators, such as ibudilast, minocycline, propentofylline, or pentoxifylline; glutamate transporter enhancers such as ceftriaxone; treatments that block proinflammatory activity, such as IL-1ra; or treatments that favor anti-inflammatory conditions, such as amitriptyline or ultra-low-dose naltrexone/naloxone. Moreover, coadministration of opioids with such therapies may result in reduced response heterogeneity and a simpler way of dose finding, owing to the reduction of the central immune signaling action. Clinical evidence as proof of concept for such a treatment strategy is greatly needed. A recent preliminary report gives early indications that this approach may be worthy of further investigation, because ibudilast has been found to significantly decrease analgesic tolerance in a profoundly opioid-tolerant clinical population (http://investors.medicinova. com/phoenix.zhtml?cϭ183833&pϭirol-newsArticle&IDϭ 1507330&highlightϭ). The long-term systemic immunological consequences of such combined therapies clearly need to be examined in the future to appreciate increased risk associated with long-term immunomodulation.
A more specific approach to blocking opioid-induced central immune signaling may be via the blockade of TLRs known to trigger the proinflammatory cascade. The nonstereoselectivity of the opioid action at TLRs can theoretically be exploited in this fashion using (ϩ)-isomer TLR inhibitors combined with traditional (Ϫ)-isomer opioid agonists. As discussed, such an approach leads to potentiated analgesia and reduced adverse events. Moreover, (ϩ)-isomer TLR inhibitors by themselves serve in an antiallodynic role to block central immune signaling in neuropathic pain (Hutchinson et al., 2008c) .
Finally, future drug development could combine the properties of a general glial attenuator and/or TLR inhibitor with potent opioid agonist activity in one small molecule. Such a hypothetical compound would have increased analgesic potency, maintain analgesia in neuropathic pain conditions, produce minimal analgesic tolerance (or cross-tolerance), and have reduced adverse effects such as addiction and dependence. Such a compound, PTI-609, seems to have been fortuitously made (Burns and Wang, 2010) . PTI-609 was generated using a rational drug design approach based on the hypothesized filamin A site of action of ultra-low-dose naloxone/ naltrexone. This compound maintains opioid receptor agonist activity as well as interaction with filamin A and has been shown to produce good analgesia and have little to no induction of conditioned place preference (reward). Moreover, the compound profoundly inhibits TLR4-dependent IL-1␤, IL-6, and TNF-␣ production by human astrocytes. We wait with great interest as the use of such combined immune signaling-modifying and opioid analgesic therapies undergo clinical trials.
D. What Are the Broader Implications of Xenobiotic-Induced Central Immune Signaling?
The discoveries reviewed here of opioid-induced central immune signaling have implications for multiple research and clinical disciplines. The opioid-TLR4 activity reported here is in fact not "opioid" and rather can be viewed as "xenobiotic"-induced TLR signaling, owing to the activity of both opioid and nonopioid ligands. Given this, it has significant implications for the currently clinically used pharmacopeia and understanding of chemicals to which we are exposed in the environment. This collection of small molecules will probably include parent compounds and metabolites that also possess TLR activity, either as agonists or antagonists. If a clinically used compound or one of its metabolites possesses such TLR agonistic activity, side effects of the drug may be attributable to such undefined TLR agonist activity. In the case of opioids, such opioid-induced central immune signaling contributes to adverse recovery in preclinical models of spinal cord injury (Hook et al., 2009 (Hook et al., , 2011 . Moreover, the shared central immune signaling properties of opioids with other drugs of abuse, such as methamphetamine, also raise the possibility that this drug-induced central immune signaling process may be a common phenomenon across drugs of abuse, resulting in amplification of drug-mediated activation of the mesolimbic dopamine reward pathway.
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Consequently, other xenobiotics that possess central immune signaling capacity may increase their abuse liability. Thus, care should be taken to identify potential TLR or central immune signaling properties of existing and new agents and to consider the impact this may have on their primary indication and/or on a specific patient population in which central immune signaling may have detrimental effects.
If compounds are found to block TLR or central immune signaling, then some of the clinical pharmacodynamic actions may be accounted for by this property. The newly discovered actions of amitriptyline (Hutchinson et al., 2010b) are of significant interest here, owing to its use as an antidepressant, perhaps lending additional support to the proinflammatory hypothesis of depression and illness responses. The identification of TLR inhibitory actions of several small molecules may provide new treatment options for a broad range of pathologic conditions for which blockade of central immune signaling may be beneficial.
V. Conclusions
This review has covered a wide-ranging preclinical literature (and, where available, clinical evidence) of classic and nonclassic opioid actions at neuronal and non-neuronal cells. It is apparent that an appreciation of all actions of opioids is required to fully understand the true neuronal and central immune signaling consequences of opioid exposure and how these combine to produce the behavioral response. Opioid actions at innate immune receptors, such as TLR4, and the ensuing central immune signaling cascade provide significant opportunities for new drug development. The excitement and promise provided by the wealth of preclinical opioid-induced central immune signaling literature reviewed here need to be capitalized upon in the short term by conducting quality clinical trials in patient populations. Fortuitously, such trials of opioid-induced central immune signaling and efficacy of central immune signaling-targeted therapies are emerging in the literature. Patient care and quality use of medicine must be at the heart of clinical pain management. Many patients do achieve adequate pain relief from existing opioid therapies, but many do not. Still, the long-term consequences of effective and/or ineffective long-term opioid treatment are of significant importance, now that we have a greater appreciation of the consequences of opioid-induced central immune signaling. Perhaps the emergence of new pharmacotherapies, using combined formulations or mixed function opioid therapies, that achieve profound analgesia while attenuating central immune signaling will bring about disease-modifying treatments rather than just symptomatic relief.
